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This thesis is an edited collection of published and unpublished results pertaining 
functionalized self-assembled monolayers (SAMs). Chapter 1 introduces SAMs and 
the various systems under study; namely the rotating electroactive ferrocene molecule, 
selective adsorptions of l-Tartaric acid onto a Gemini type molecule, and azobenzenes 
capable of undergoing photoisomerizations. Chapter 2 covers the experimental 
section while Chapters 3 ~ 5 then covers the results and discussion of the respective 
studies. Below are abstracts of the respective studies. 
 
Chapter 3:  Self-assembling properties of ferrocenyl undecanethiol studied by 
scanning tunneling microscope (STM) in situ.  
Molecular resolution scanning tunneling microscope (STM) images of 11-ferrocenyl-
1-undecanethiol ((C5H5)Fe(C5H4)(CH2)11-SH) were obtained in striped phase (with the 
molecular axis parallel to the surface) on highly oriented pyrolitic graphite  (HOPG) at 
a phenyloctane-HOPS interface and in standing-up phase (with the molecular axis 
aligned with the surface normal) when chemisorbed on gold at a phenyloctane-Au 
interface. The spontaneous self-assembly of ferrocenyl-undecanethiol on HOPG 
formed large striped-phase with the alkyl chains appearing as bundles in groups of five 
in the moiré pattern due to lattice mismatch with the underlying HOPG. The ferrocene 
units appearing as either fuzzy or ring-like structures suggest the random rotation of 
cyclopentadienyl (Cp) rings sandwiching the central iron ion of the ferrocene moieties 
xi 
with their principal axis either oblique or perpendicular to the HOPG. The ferrocene 
moieties are more clearly resolved in a mixed film with octanethiol, where the fuzzy or 
ring-like structures of the ferrocene units are asymmetrically distant from the sulfur 
head-groups forming alternating rows in the phase segregated image. Both molecules 
can be clearly distinguished by their molecular lengths.  
The spontaneous self-assembly of ferrocenyl undecanethiol on gold forms large 
domains devoid of etch pits characteristic of thiol adsorption. Molecular resolution 
STM images indicates a hexagonal packing of the ferrocene moiety at a nearest 
neighbour distance of 0.65 nm. After the molecules were caused to desorb and 
reassemble locally by means of STM lithography, coordinated groups of ferrocene 
moieties were formed double rows of much higher contrast relative to surrounding un-
coordinated ferrocenes.   
 
Chapter 4:  The selective adsorption of L-tartaric acid on Gemini-type   
self-assembled monolayers.   
Synchrotron PES and XAS studies of cationic SAMs of quaternary ammonium (QA) 
sulfur derivates determined the adsorption mechanism of L-tartaric acid on a gemini-
structured didodecyl dithiol (HS-gQASH) to be due the carboxylate (deprotonated 
carboxylic acid) of L-tartaric acid undergoing an exchange reaction with the native 
bromide counterion of the Gemini-SAM. These results indicate the necessary chemical 
architecture via distance matching for exchange reactions to occur between complex 
molecules and point the way to more effective molecular recognition systems. 
 
xii 
Chapter 5:  Reversible work function changes (ΔφAu) induced by the 
photoisomerization of asymmetric azobenzene dithiols self-
assembled monolayers on gold.    
We measured reversible changes in the work function (ΔφAu) of gold substrates 
modified by asymmetric azobenzene dithiol self-assembled monolayers (SAM) 
following photoisomerization and thermal recovery of the azo unit. The azobenzene 
derivative SAMs were photoisomerized to cis form by UV irradiation and ΔφAu was 
monitored in real time during thermal recovery to trans form by ultraviolet 
photoelectron spectroscopy (UPS) using a synchrotron light source. Changing the 
substituted functional group in the p’ position of the azobenzene from electron 
donating to electron withdrawing resulted in opposite responses of ΔφAu against 
photoisomerization. Hence, a direct correlation between ΔφAu and changes in 
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This first chapter introduces self assembled monolayers, the various forces in play for thiolated systems 
and the conditions leading to their formation of the “striped phase” and “standing-up phase”. 
Following which, the three subjects under study in this thesis will be introduced: namely the self 
assembly of ferrocene molecules, selective adsorptions of L-tartaric acid on gemini-type self assembled 





1.1.1 Self-Assembled Monolayers 
Self-assembled monolayers (SAMs) 1 are very simple in principle. Yet, the technique finds 
beauty in its simplicity. The underlying theory involves creating a nearly defect free monolayer 
automatically adsorbed and self arranged (self assembled) onto a surface without the need of 
any mechanical or further intervention, besides the default circumstances surrounding the 
assembling process. The method being such a well established technique with its ease of 
reproducibility makes it even more astounding.  
Figure 1.1 demonstrates the self-assembly of molecules onto a substrate2: First, the desired 
molecule is dissolved or diluted into a solvent. A substrate is then gently lowered into the 
solution and the molecules are left to adsorb onto the surface. The molecules would be 
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specifically designed such that one end, called the “head-group” (red in Figure 1.1), would 
have an exceptionally high affinity to the substrate.  
Furthermore, attached to each headgroup is a rod or chain-like "tail-group" having a very low 
affinity to the surface (by a few orders of magnitude) as compared to the headgroup, and would 
result in a preferential orientation of the molecules. At very low concentrations of the adsorbate 
in solution, the substrate would only be partially covered, or have such low molecular coverage 
that the molecules would be effectively lying parallel to the surface, with both headgroups and 
tail-groups close to the substrate. At higher concentrations however, additional headgroups 
would displace the tailgroups and preferentially adsorb onto the substrate. As illustrated in 
Figure 1.1, this finally results in the substrate to be fully covered by one monolayer of 
headgroups. With the tailgroups having comparable effective diameters as the headgroups, the 
molecule would exist as one perfect monolayer atop the substrate surface.  
 
 
Figure 1.1.1. Schematics of the self-assembly process. 
One such molecule with the propensity to self-assemble with crystalline order is the alkane 
thiol. The thiol headgroup has among the highest affinity to gold, with a homolytic bond 
strength of 44 kcal/mol, and contributes to the stability of the SAM. The adjacent methylene 
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groups of the alkane chains further interact amongst each other by means of van der Waals 
attraction (1.4-1.8 kcal/mol), causing the chains to align parallel to each other in a nearly all-
trans configuration. The thiol headgroup chemisorbs to the threefold hollow sites of the 
Au(111), losing the proton in the process and forms a (√3×√3)R30° overlayer structure3. With a 
distance between pinning sites of 5.0 Å and an effective van der Waals diameter of the alkane 
chain 4.6 Å, this results in the chains tilting and forming an angle of close to 30° with the 
surface normal.4 
 
1.1.2 Evolution of self-assembly 
The evolution of the self-assembly of alkane thiols on Au(111) was extensively studied by 
Porter et al.5 using molecular resolution scanning tunelling microscope (STM). Figure 1.2 
shows STM constant-current topographs following the gas-phase deposition of 
mercaptohexanol (HO-(CH2)6-SH) onto a bare Au(111) surface at increasing exposures.  
At 0 Langmuirs (L), the 22 x √3 herringbone-reconstructed Au(111) surface characteristic of a 
clean gold surface is clearly observed. Upon exposure of up to 350 L, heterogeneous nucleation 
and growth of islands are observed as stripes on the surface. The molecules are then said to be 
in “striped-phase”. The bright rows of the molecules in striped-phase have been identified as 
thiol headgroups6 due to the encanced tunneling at the sulfur atoms.7,8,9 Exposure of 600 L 
results in lateral island growth and further island nucleation. The herringbone reconstruction is 
also influenced by the striped-phase islands. In addition, single-atom-deep Au vacancies known 
as “etch pits” start to nucleate preferentially at elbows of herringbone hyperdomains (pointing 
finger). Exposure to a total of 1000 L results in the heterogeneous nucleation and growth of a 
second solid phase imaged as bright island features (pointing finger). A cross section of this 
Chapter 1: Introduction.  1.1. Self-Assembled Monolayers 
4 
 
second phase, taken from the rectangle indicated in the figure for 1000 L exposure indicates 
commensurate crystalling domains formed by closely packed molecules having their molecular 
axes alligned with the surface normal, surrounded by striped-phase regions. The infinitestimal 
width of the phase boundaries indicates the phase transition to be driven by the lateral pressure 
within the monolayer film. After exposure of several thousand Langmuirs, the second phase 
approaches saturation coverage and growth spontaneously terminates. 
 
1.1.3 Adsorption Kinetics 
Surface plasmon resonance (SPR) results (Figure 1.3), monitoring the adsorbed thickness of 
alkanethiols such as octadecanethiol on gold in solution, indicates the adsorption dynamics to 
be in two phases. In the figure, the x-axis corresponds to the adsorption time in minutes, and 
the y-axis corresponds to the reflectivity of the surface. The latter correlates with the thickness 
or amount of molecules adsorbed on the surface. 10 The figure indicates a first phase pertaining 
to a very fast adsorption process of the alkanethiol molecule onto the gold surface limited by 
the diffusion of the molecules. This first phase, typically completed within seconds, results in a 
dense, yet disordered monolayer. During the second phase, the molecules then undergoes a 
slow rearrangement on the surface guided by van der Waals interactions and driven by thermal 
energy, during which the monolayer achieves crystalline order over several thousand 
nanometers.  
 




Figure 1.1.2. Evolution of adsorption of mercaptohexanol on Au(111). From Poirier et al. Ref 5. 






Figure 1.1.3. Graph of reflectivity (%) versus time (min) indicating the adsorption kinetics of 
C18 SAM on gold, (1mM, overnight). 
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1.1.4 Obtaining Striped-Phase Images 
In contrast to chemisorption onto gold, alkanethiols only physisorb onto highly oriented 
pyrolitic graphite (HOPG) with their molecular axes remaining parallel to the surface, even at 
saturation concentrations (Figure 1.4). This is a consequence of both the thiol headgroups and 
the alkyl chails being unable to strongly bind to the HOPG. Instead, the interaction between 
molecule and surface is limited to weak van der Waals interactions between the hydrocarbon 
chains and HOPG surface. The self-assembly of the molecular adsorbate into well ordered 




Figure 1.1.4. (left) Striped-Phase STM images with the molecular axis parallel to the surface, 
versus (right) Standing-up Phase of alkanethiols in final equilibrium configuration with the 
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1.1.5 Functionalized Self-Assembled Monolayers 
The ends of alkane thiols can further be functionalized with moieties of interest to prepare 
functionalized self-assembled monolayers. The ability of the alkane thiols to self-assemble thus 
enables the formation of a monolayer of the desired moieties on gold. This allows us to study 
the properties of nano-scale moieties on a 2-D substrate.  
In our studies, we used SAMs to investigate the properties of three systems; namely:  
 (i) the self-assembling properties of the ferrocene molecule,   
(ii) the selective adsorption of L-tartaric acid onto a gemini-type molecule and  
(iii) the photoresponse of functionalized asymmetric azobenzene dithiols. 
Studying the nano-scale properties of each of these three moieties or systems individually 
would be a formidable task. Yet the formation of a monolayer of the desired nano-scale moiety 
under investigation on a 2D substrate allows for, and enables the study of their nanoscale 
properties using spectroscopic methods. We are thus able to study the properties of these 
nanoscale moieties using techniques usually limited to macroscopic samples. Our results also 
demonstrate the ongoing prospects of interdisciplinary research between organic “soft” 
materials and spectroscopic techniques traditionally reserved for inorganic samples. Very good 
reviews covering the historical development of SAMs for application in novel devices can be 
found in literature.11 
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1.2.1 Describing Ferrocene. 
In 1951, Pauson and Kealy aimed at obtaining fulvalene* by reacting cyclopentadienyl 
magnesium bromide with ferric chloride. Instead, they reported a light orange powder of 
"remarkable stability" 12.12 Not knowing the sandwich structure of the cyclopentadienyl 
compound, they attributed this stability to the aromatic character of the negative charged 
cyclopentadienyls. The sandwich structure of the metallocene was only recognized by Robert 
Burns Woodward and Geoffrey Wilkinson 13 based on its reactivity. This was further confirmed 
by NMR spectroscopy and X-ray crystallography 14,15 and other metallocenes such as 
nikelocene and cobaltocene 16 have since been synthesized.  
     
Figure 1.2.1. Left: Chemical structure of 11-ferrocenyl-1-undecanethiol. Right: Artistic 
impression, with cyclopentadienyl rings. 
                                                            
*  Fulvalene is an organic compound with the molecular formula C10H8. It is of theoretical interest as one of the 
simplest non-benzenoid conjugated hydrocarbons. 
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The ferrocene molecule ((η5− C5H5)Fe(η5− C5H5)) shown in Figure 1.2.1 with the two 
cyclopentadienyl (Cp) rings sandwiching a central iron ion was therefore the first 
organometallic compound to be synthesised. Nowadays, it is efficiently prepared by reacting 
sodium cyclopentadienyl with anhydrous ferrous chloride in ethereal solvents† :  
2 NaC5H5 + FeCl2 → Fe(C5H5)2 + 2 NaCl 
Each Cp ring of ferrocene comprises five carbon atoms bonded in the form of a ring with one 
hydrogen atom attached to each carbon. The ring thus carries one extra electron delocalized 
among the five carbon atoms. This brings the number of π electrons found on each ring to six 
and results in its aromatic nature 17. In a metallocene, a pair of Cp rings bond with the metal by 
means of d-block electrons. In ferrocene, the iron atom is normally assigned to the +2 oxidation 
state. The six d-electrons on Fe2+ combined with the 12 π electrons of the Cp rings thus result 
in the complex having an 18-electron configuration, similar to that of a noble gas. 
Because of the assembly of the whole Cp rings to the iron ion, the Cp rings are free to spin 
along the Cp(centroid)-Fe-Cp(centroid) axis. NMR measurements 18,19 on ferrocene compounds in 
liquid found that both Cp rings in a free ferrocene molecule exhibit very random rotations 
relative to the iron core at room temperature and cease all rotation at -60
o
C, indicating the 
rotational energy to be thermal in nature. Such metallocenes have since been used in molecular 
motor assemblies 20 with the rotor comprising a cyclopentadienyl ligand.   
                                                            
†   For  the  reaction  to  proceed,  the  reagents  need  a  certain  number  of  electrons  around  them.  The  ether 
molecules  provide  those  electrons  (through  coordinate  bonds).  If  the  ether wasn't  around,  the  reagents 
would start clustering together, which makes them very unreactive. 
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1.2.2 Redox Chemistry 
Ferrocene has a rather unique ability of undergoing reversible one-electron oxidations at a low 
potential of about 0.5 V vs. a saturated calomel electrode‡ to give a stable cation called 
ferrocenium: [Fe(C5H5)2]+, a blue-coloured ion in which the iron atom exists in a +3 oxidation 
state. Ferrocenium salts have been used as oxidizing agents, since it is reduced to the fairly 
inert ferrocene, which can then be separated easily from ionic products 21. Due to this redox 
property, ferrocene has also been used as antiknock formulations in unleaded fuel additives 
22,23, as an experimental drug in the treatment of breast cancer 24 and is usually used as internal 
standard for calibrating redox potentials in electrochemistry 25.  
 
1.2.3 Previous STM studies 
Molecular resolution scanning tunnelling microscopy (STM) is an ideal tool to characterize the 
self-assembling of molecules on substrates. Several reports of molecular resolution STM 
images of ferrocene moieties are available.  
Vapour deposited native ferrocenes on Au(111) were imaged at liquid helium temperatures by 
Braun et al. 26 in which the cyclopentadienyl rings of the ferrocene moities are clearly observed 
and the ferrocene molecules forming either rectangular or rhombic unit cell.  
Wedeking et al.27and Zhong et al.28 synthesized and imaged symmetrical bis-ferrocenes at the 
ends of oligoethylene chains ((η5C5H5)Fe(η5C5H4)-(CH2)n-((η5C5H4)Fe(η5C5H5)), as well as 
                                                            
‡ A saturated calomel electrode is a reference electrode based on the reaction between elemental mercury and 
mercury(I) chloride (Hg2Cl2, "calomel").  
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unsymmetrical ferrocenyl alkanes on HOPG 29. These images indicate non thiolated ferrocenyl 
derivatives can self assemble in configurations similar to their crystal structure in 3-D. 
Recently (March ’08), Muller-Meskamp et al. imaged striped phase of the short alkyl chain 
mercaptoalkylferrocenes on Au(111) 30. However, to the best of our knowledge, no STM 
images of the longer alkyl chain ferrocenyl undecanethiol have yet been reported.  
 
1.2.4 Objective of this work 
In the fundamental studies of charge transfer, it is well known that the special configuration and 
physical environment of an electroactive moiety play a role in its electronic behaviour 31. For 
example, it was found that ferrocene moieties deeply buried inside an alkyl chain matrix 
showed sluggish behaviour 32,33 whereas closely packed ferrocene moieties indicate strong 
interactions between the redox centres 18,34. However, though ferrocene is routinely used for 
such charge transfer studies 35,36,37, the self-assembled structure of thiolated ferrocenes, which 
have the propensity of readily chemisorbing onto metal electrodes, have little been studied 
before.  
Furthermore, their behaviour as electroactive moieties has not been observed by STM imaging. 
Until very recently, it was not known whether they could self-assemble into ordered arrays 
despite of the bulky ferrocene moieties, especially with the freely spinning Cp rings along the 
Cp(centroid)-Fe-Cp(centroid) axis.  
It is of our interest to know if ferrocene would still self assemble when attached to the longer 
alkyl chains as compared to studied performed by Muller Meskamp et al, since ferrocene-
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ferrocene interactions would be competing with stronger van der Waals interactions among the 
longer hydrocarbon chains. 
Furthermore, the resolutions of previous STM images have been insufficient to distinguish the 
behaviour of individual ferrocene moieties, except when frozen on the surface at liquid helium 
temperatures 26 and the rotational motion of the Cp rings, predicted by NMR, has not been 
observed yet.  
The objective of this work is to obtain molecular resolution STM images of 11-ferrocenyl-1-
undecanethiol, a ferrocene derivative attached to a long alkyl chain that is regularly used for 
electrochemical studies, in order to study their self assembling mechanism and observe their 
electronic behaviour.    
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1.3.1 Molecular Recognition and Selective Adsorption 
1.3.1.1 Molecular Recognition: Definition 
 Molecular recognition is the "...specific recognition of (and interaction with) one molecule by 
another"38. Though some groups are now attempting molecular recognition resulting in 
covalent bonding39, molecular recognition generally occurs through noncovalent bonding such 
as hydrogen bonding, metal coordination, hydrophobic forces, van der Waals forces, pi-pi 
interactions, and/or electrostatic effects. The host and guest molecules involved during 
molecular recognition exhibit molecular complementarity,40. 
Upon molecular recognition, the complimentary moieties would bind with each other, as 
opposed to surrounding molecules being largely unaffected. With the host molecule fixed on a 
surface, the guest molecule capable of undergoing molecular recognition would have a much 
higher affinity to the functionalized surface as compared to other surrounding molecules and 
would thus selectively be adsorbed on the surface; hence the name “selective adsorption”. 
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1.3.1.2 Molecular Recognition in Bio- and Nanotechnology  
Molecular recognition is also being frequently used in the field of bio- and nanotechnology. 
Streptavidin, a tetrameric protein (4 x 13 kDa, equivalent to ~ 4000 atoms) obtained from the 
purification of the bacterium Streptomyces avidinii, was found to have an extraordinarily strong 
affinity for biotin, also known as Vitamin H or B7 (Figure 1.3.1). The dissociation constant 
(Kd) of the biotin-streptavidin complex is of the order of ~10-13 mol/L, classifying the pair as 
having one of the strongest known non-covalent interactions. The strong biotin-streptavidin 
bonds are thus being used to detect various biomolecules and specific proteins in live cells to 
which the streptavidin are attached41. For example, with the biotin attached to a solid support, 
the adsorption of the biomolecules to the surface via biotin-streptavidin bonds can be detected 
using techniques sensitive to surface adsorbates such as SPR42. Such methods have also been 
instrumental in adsorbing gold nano-particles onto solid substrates43.  
 
Figure 1.3.1. Biotin-Streptavidin binding. Obtained from Ref 50.  
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1.3.1.3 Molecular Recognition: Promising Prospects 
In the field of molecularly and genetically engineered therapeutics, much effort is now being 
expended in designing gene-specific anti-cancer drugs44. Following detection of the cancerous 
cells using molecules capable of molecular recognition to have them selectively adsorb to 
unhealthy mutated genes, drug carrying nano-particles would locally release the medicine 
killing only the neighbouring affected cells. For example, siRNAs are being attached to the 
surface of nanoparticles for delivery along with peptides targeted to specific tumor cells45 This 
would greatly limit damage to distant healthy cells, as opposed to the current use of 
radiotherapy and chemotherapy which take a huge toll on the healthy cells of patients during 
treatment. However, though very promising, this medical development would demand 
extremely efficient and very specific molecular recognition between the detector molecule and 
the mutated genes of the cancerous cells.  
Molecular recognition also holds much promise for DNA sensing46 of bio-hazards during 
biological warfare. Efficient detection of such harmful bacteria/viruses can give one ample time 
to protect oneself before being harmed by the “invisible weapons”. 
Novel molecules engineered for their selective adsorption capabilities could pave the way 
towards 3D self-assemblies architectures for molecular electronics by successively adsorbing 
self-assembled monolayers (SAMs) on select molecules placed on a patterned substrate. 47,48,49 
 
1.3.1.4 Molecular Recognition: Challenges  
The mechanisms of molecular recognition, especially via non-covalent bonding are however 
still largely unsolved. It is still not possible to design a small molecule from first principles that 
tightly and specifically binds to a protein of known structure, nor successfully predict the DNA 
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folding or protein folding pattern of a known sequence of amino acids, even though enormous 
efforts have been put in solve this issue.  
Figure 1.3.2 shows the complex binding mechanism that leads to the selective biotin-
streptavidin binding. However, though biotin-streptavidin has among the greatest known 
binding energy and is so widely used for this specific property in bio/nano-technology, the 
exact binding mechanism leading to such high affinities is largely unknown. The mechanisms 
of biotin-streptavidin binding are very complex and have been shown to be at least threefold50, 
namely the hydrophobic and van der Waals interactions of the four streptavidin tryptophan side 
chains, effective hydrogen bonding network and a binding surface loop, which folds over the 
ligand. However, the structure-function relationship in this model-system is still not well 
understood, mainly due to the sheer size of the streptavidin molecule adding to its complexity. 
  
Figure 1.3.2. Biotin-Streptavidin-Binding: (left) surface loop, (middle) hydrogen bonding 
network, (right) tryptophan side chains. Obtained from Ref 50. 
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1.3.1.5 Need for better understanding of basic principles underlying Molecular 
Recognition for Selective Adsorption. 
Understanding such interactions would be immediately relevant to systems where similar 
interactions are important such as the design of new drugs and ligands for proteins and nucleic 
acids. The exact underlying reasons leading to these complex recognition events in noncovalent 
interactions are still very much a mystery; one possibility being that the full range of such 
interactions is not fully defined. For example, the complex interactions between ions and 
quadrupoles of aromatic rings such as cation-π interactions in organic and biochemistry have 
only recently been solved 51.  
It is therefore necessary to better comprehend the basic principles underlying molecular 
recognition and selective adsorptions to assist progress in the frontier fields of drug design, bio- 
and nanotechnology. 
 
1.3.2 Introducing our present system  
1.3.2.1 Preparing a simple functionalized surface capable of molecular recognition: 
Properties of a nano-size moiety on a macro-scale.  
Amongst the various systems undergoing selective adsorption, we focus on one which pertains 
to the field of nanotechnology. We aim to use individual functionalized molecules capable of 
molecular recognition and form a 2-D surface composed of such molecules. As opposed to the 
huge streptavidin molecule (53 kDa), we use a modestly-sized molecule (host molecule ~ 700 
Da; guest molecule ~ 150 Da). Our aim is to use a simple molecule capable of undergoing 
molecular recognition to study its mechanism of the selective adsorption. 
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One pertinent question would be whether these molecules would still exhibit the same 
molecular recognition characteristics and demonstrate similar selective adsorption at the 
macroscopic level when in a 2D assembly.  
To prepare a 2-D assembly, we use chemisorbed molecules on a gold surface via thiol “head 
groups” at the end of alkyl chains, while the functionalized moieties with molecular recognition 
and hence selective adsorption properties are attached at opposite ends as “endgroups”. Due to 
the very strong affinity of the thiol head groups to gold, the molecules form a near defect-free 
2-D monolayer on the gold surface. During self-assembly, the van der Waals forces cause the 
alignment of the alkyl chains, leading to an ordering of the molecules relative to each other as 
described in chapter 1.1.  This leaves the functionalized moieties of the molecules facing 
outwards and exposed to the liquid.  
During the selective adsorption process, the adsorbate would come into close proximity with 
the functionalized moieties capable of molecular recognition, following which adsorption 
would occur if specific conditions necessary for molecular recognition are fulfilled. The 
mechanism of such adsorption is the focus of this research and shall be further discussed later. 
If no molecular recognition occurs between the functionalized endgroups and the adsorbate, no 
adsorption ensues.  
 
1.3.2.2 Our present system: Literature Review of L-tartaric acid on Gemini. 
One excellent model system to study is the selective adsorption of L-tartaric acid on one of two 
SAMs containing quaternary ammonia (QA), the molecules constituting the SAMs being 
similar in all ways except for their architecture: Yokokawa et al.10 found L-tartaric acid to 
adsorb selectively onto HS-gQA-HS (ethylenebis[(12-mercaptododecyl)dimethylammonium 
bromide]), hereafter referred to as Gemini-SAM (G-SAM); This is in contrast to disulfide QA-
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SS-QA ((dithiodidodecylene)bis [trimethylammonium bromide]), hereafter referred to as 
Disulfide-SAM (D-SAM), on which the L-tartaric acid is found to be readily rinsed away, 
although the QA in both molecules is similar in all ways except for the distance between them: 
The distance between QA pairs of the Gemini-SAM is fixed by the ethylene spacer of the 
Gemini molecule whereas the QAs of the Disulfide-SAM would have a greater distance on 
average due to the electrostatic repulsion among QA groups. 
 
1.3.2.3 L-tartaric acid. 
Tartaric acid is a dihydroxy derivative (pair of OH) of dicarboxylic acid (pair of COOH), 
shown in Figure 1.3.3, appearing as a white crystalline organic acid, and it occurs naturally in 
many plants including bananas and grapes. It is more popularly known to wine connoisseurs as 
the source of the “wine diamonds”, appearing as small crystals of potassium bitartarate that 
sediment in wine glasses and is sometimes found on the cork of wine bottles.  
Tartaric acid is a chiral molecule – its image not superposing unto itself – and exists as two 
enantiomers: dextrotartaric acid and levotartaric acid. “Dextro” being Latin for “right” and 
“levo” for left, dextrotartaric and levotartaric acids rotate the plane of polarized light going 
through the crystal to the right and left respectively. 
In contrast with the naturally occurring dextrotartaric acid, tartaric acid synthesized in the 
laboratory is racemic: a mixture of equal amounts of the dextro and levo enantiomers. This 
mixture is also called “racemic tartaric acid”; “racemic” takes its root from the Latin word 
racemus meaning "a bunch of grapes" but which now refers to a mixture of both enantiomers at 
a 1:1 ratio. 
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In this project, we specifically use dextrotartaric acid, also named L-tartaric acid.  It is noted 
that the dextro- and levo- prefixes are not related to the D/L configuration. The prefixes dextro- 
and levo- refer to the orientation of the optical rotations:  (+) = dextrorotatory, (−) = 
levorotatory; whereas the D- or L- prefixes are derived from the shape of reference D- or L-
glyceraldehyde: C3H6O3 shown in Figure 1.3.4. In glyceraldehydes, the isomer is labelled D-
glyceraldehyde if the OH group is found on the right-hand side of the molecule, whereas it is 
labelled L-glyceraldehyde if the OH group is on the left-hand side.  
 
              
  Crystals Fischer projection Skeletal formula 
Figure 1.3.3. L-tartaric acid.  
 
   
   
   
 
Figure 1.3.4. (left) L- and (right) D-glyceraldehyde.   
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1.3.2.4 Gemini molecule; Gemini-SAM 
The Gemini molecule, shown in Figure 1.3.5 consists of two 12 carbon atom long alkanethiols, 
functionalized with a pair of QA groups joined together by an ethylene spacer.  
During SAM formation, thiol groups (SH) release hydrogen to chemisorb onto the gold 
substrate due to the very high affinity of the sulfur to gold. Eventually the thiol headgroups 
cover the entire gold surface, causing the Gemini-SAM to be densely packed, forming a defect 
free monolayer (with no patches of gold exposed to the surface).  
The Gemini molecule can adsorb onto gold in one of two configurations: either arched or 
stretched. In the arched configuration, shown in Figure 1.3.6 both thiol headgroups would 
chemisorb onto gold, leaving the pair of QAs of each Gemini molecule exposed to the surface, 
whereas in the stretched configuration, only one thiol headgroup would chemisorb onto gold, 
with the whole molecule stretched out and the other thiol group being unbound and exposed to 
the surface. Contrasting with the arched configuration, the stretched configuration would cause 
the QAs to be buried halfway within the alkyl chains. This would thus prevent any adsorption 
of the L-tartaric acid to the Gemini-SAM, since the QAs are the binding sites for the tartaric 
acid (Figure 1.3.7).  
To confirm the Gemini-SAM structure, Yokokawa et al.Error! Bookmark not defined. measured 
the XPS signal of sulfur S2p peaks from the Gemini-SAM. When the SAMs were prepared 
from a low concentration solution (0.1mM), the results indicated only one peak doublet at 
binding energies of 163.2 eV for S2p1/2 and 162 eV for S2p3/2. These correspond to only 
chemisorbed sulphur on gold, indicating that the Gemini molecules adsorbed in the arched 
configuration. However, when the SAMs were prepared at higher concentrations (>1.0mM), 
additional S2p doublet peaks at higher binding energies corresponding to unbound sulfur was 
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observed, indicating the Gemini molecules adsorbed onto the surface in a preferentially 
stretched configuration. 
Therefore lower concentration solutions were used for the preparations of the Gemini-SAMs to 
ensure an optimal SAM surface for Tartaric-SAM formation.  
 
1.3.2.5 Disulfide molecule; Disulfide-SAM. 
In contrast to the Gemini molecule which is joined at the QAs, the disulfide shown in Figure 
1.3.7 consists of a pair of 12 carbon atom-long alkanethiol joined at the sulfur atoms to form an 
alkanedithiol. In this configuration, the QA groups would necessarily be exposed to the vacuum 
during SAM formation following chemisorption of the thiol headgroups to gold. Due to the 
additional methylene repulsion between the QA groups, as compared to the pairs of QA of the 
Gemini molecule connected by the ethylene spacer, each QA has a higher degree of freedom, 
leading to them having a larger mean distance in Disulfide-SAM. 
 
1.3.2.6 Quaternary Ammonia: QA.   
Each QA group consists of one nitrogen ion surrounded by four methyl groups and has one 
counterion attached to it; in our case, the counterion being bromide. The process of this 
attachment is not clear: The negative bromide counterion is naturally attracted to the positive 
nitrogen, but the location and binding of the bromide ion to the SAM is unknown, especially 
when it is out of water. In the Gemini cocogems (counterion-coupled gemini surfactants), one 
pair of such QA groups are joined together by an ethylene spacer formed through covalent 
bonds between two methylene groups.  












Figure 1.3.5. (left) Gemini type molecule and (right) the Disulfide  
 
 
Figure 1.3.6. Scheme: GEMINI-ARCHED. 
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Tartatic-SAM is formed upon adsorption of L-tartaric acid onto Gemini-SAM as shown in 
Figure 1.3.8.   
Yokokawa et al.10 studied the selective adsorption of L-tartaric acid on Gemini molecules as 
compared to the disulfides by comparing results from surface plasmon resonance (SPR) and 
Fourier transform infrared-reflection adsorption spectroscopy (FTIR-RAS).  
 
Figure 1.3.8. TARTARIC-SAM.  
 
1.3.2.8 Previous SPR and FTIR-RAS Results 
Surface plasmon resonance (SPR) enables the thickness measurement of adsorbates to a thin 
(~50nm) metal layer at the angstrom level. A distinct contrast in thickness increment was 
observed when Gemini-SAM and Disulfide-SAM were exposed to L-tartaric acid. Upon 
rinsing, there remained a clear increase in thickness for Gemini-SAM whereas the thickness 
change was negligible for Disulfide-SAM.  
Fourier transform infrared-reflection adsorption spectroscopy found the vibrational modes 
ν(C=O) and ν(C-O) of neutral L-tartaric acid to change to the νasym(COO) and νs(COO) of 
bitartarate molecules (with both acid groups being deprotonated) when L-tartaric acid was 
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adsorbed on Gemini-SAM. In the case of Disulfide-SAM, only a negligible amount of 
monotartarate resulting from the deprotonations of only one of the two carboxylic acids was 
observed. 
From the difference in thicknesses observed by SPR, Yokokawa et al. inferred there is a 
selective adsorption of L-tartaric acid on the Gemini-SAM as compared to Disulfide-SAM. The 
vibrational modes observed by FTIR-RAS supported this observation. They concluded the 
distance matching between the QA pairs of the Gemini cocogems with the pair of carboxylic 
acids of the L-tartaric acid was responsible for the deprotonation of both carboxylic acids, 
leading to stronger binding of the L-tartaric acid to the Gemini-SAM, whereas the L-tartaric 
acid would lack sufficient binding as monotartarates on Disulfide-SAM and would be easily 
rinsed away. 
These experiments do not discuss the binding mechanism between the L-tartaric acid and the 
Gemini-SAM. The L-tartaric acid naturally binds to the QA pair of the Gemini-SAM: since the 
carboxylic acids of the bound L-tartaric acid are found to be deprotonated, the negative 
carboxylate pairs would be attracted to the positive QA pairs. However the adsorption of 
Tartaric-SAM on Gemini-SAM could have two pathways: the first being tartaric acid adsorbing 
on top of the QA assembly without displacing the bromide counterions and the second being 
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1.3.2.9 Mechanism of Exchange Reaction 
Exchange reactions between counterions are simply driven by their respective concentrations in 
solutions. Figure 1.3.8 shows a schematic of a typical exchange reaction. Having a cationic 
surface (surface containing negative charges) with positive counterions A (yellow) immersed in 
a solution containing another positive counterion B (green) in sufficiently high concentration, 
counterions A would gradually be replaced by counterion B. If the solution is replaced by one 
containing a higher concentration of counterion A, the counterions attached to the surface 
charges would gradually be replaced from counterion B back to counterion A. The exchange 
process is affected by factors such as Brownian motion and electrostatic interactions between 
the charges on the surface, the original oppositely charged counterions and the incoming 
counterions in solution. In most situations, other factors such as the solubility, diffusion 
coefficients and relative molecular weights of the respective counterions would also affect the 
exchange reaction process. 
 
Figure 1.3.9. Schematics of an exchange reaction. (left) initially the yellow positive charges 
surrounds the purple negative charges, with a higher concentration of green positive charges. 
(middle) Green positive charges diffuse into assembly and exchange with yellow positive 
charges. (right) Green positive charges have undergone an exchange reaction with yellow 
positive charges.  
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1.3.2.10    Objective of this work  
Neither SPR nor FTIR-RAS are able to detect the native bromide counterion of the QA groups, 
and high resolution XPS spectra of Br3d have not been reported yet. It was believed that such 
light counter-ions are easily desorbed in UHV environments or desorb due to irradiation 
damage. Hence a definitive conclusion about the exchange reactions has not been reached. This 
brings us to the focus of our present experiments.  
In our studies, we focus on the formation of Tartaric-SAM resulting from L-tartaric acid 
adsorbed on SAMs prepared using the Gemini (HS-gQA-SH) molecule. Tartaric acid is known 
to readily adsorb on such SAM surfaces as opposed to SAMs prepared using the Single (QA-
SH) molecule. Our objective is to use soft X-ray photons from a synchrotron beamline to 
improve the surface sensitivity of photoelectron spectroscopy in order to investigate the 
selective adsorption mechanism of L-Tartaric acid on Gemini-SAM.  
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Azobenzene – Chapter 1.4 
 
1.4 Introduction  to  Azobenzene  Derivative  Self‐Assembled 
Monolayers. 
 
1.4.1 The Azobenzene Unit  
 
    
 
 
Figure 1.4.1. (top) Schematics of azobenzene units comprising two benzene rings linked by a 
N=N double bond (nitrogen atoms in red), undergoing trans to cis photoisomerization and cis to 
trans thermal recovery. (bottom) Simple schematics of energy levels involved in trans ↔ cis 
photoisomerization, with the rate of thermal relaxation denoted by k. Fig 1.5.1(bottom) 
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The azobenzene moiety (Azo),52,53,54 shown in Figure 1.4.1a,. comprises two benzene rings 
linked by a N=N double bond. It photoisomerizes from trans to cis form under UV (360 nm) 
irradiation and from cis to trans form under visible (blue) light (440 nm), during which the 
molecule undergoes a conformational change due to bond rotations around the nitrogen 
bonds55,56 (Figure 1.4.1b).  
The trans form being energetically favored over the cis form by ~50kcal/mol57,58,59 results in 
cis azobenzene reverting back to its trans form via thermal recovery (Figure 1.4.1c). The 
preferential stability of the Azobenzene moieties in trans form can also be explained from their 
absorption spectra. As shown in Figure 1.4.2,60 trans and cis forms are excited to εtrans and εcis 
levels respectively during UV (360 nm) irradiation. However, azobenzene moieties have 
greater absorption cross section in trans form at 360 nm (UV) while they have greater cross 
section in cis form at 440 nm (blue, visible).  
 
 
Figure 1.4.2. UV–VIS absorption spectra of an Azobenzene compound in solution before and after 
illumination with UV light at 313 nm. Exposure at 313 nm leads to a decrease of the absorbance around 
325 nm which is due to the trans/cis-isomerization. Obtained from Hagen et al., Ref 60. 
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1.4.2 Applications of Azobenzene as Photosensitive Molecule 
The reversible trans to cis photoisomerization of the azobenzene moieties and their optical 
properties have given rise to promising scientific progress and technological progress; the most 
notable application being in the field of liquid crystals.61 Research has also been done, and 
results demonstrated, for applications in rewritable high-density optical recording 62, instant 
holography 63 and photoelectrochemical information storage,64 to name but a few.  
 
1.4.3 Ways of Measuring Photoreactivity   
The photoreactivity of azobenzene moieties can be inferred in many ways, such as (i) changes 
in height by surface plasmon resonance65,66, or scanning tunnelling microscopy (STM)67, (ii) 
changes in wettability by measuring dynamic contact angles 68 or (iii) changes in surface 
potential using the Kelvin Probe54. For example, STM images of azobenzene compounds (four-
legged tetra-tert-butyl-azobenzene: TTB-azobenzene) on Au(111) have shown a change in 
molecular height during trans to cis photoisomerization, though pure azobenzene was not seen 
to react to UV irradiation. 
 
1.4.3.1 Necessity of Free Volume for Photoreaction   
When assembled on planar gold, azobenzene thiol SAMs were found to be very unreactive, 
whereas, when adsorbed onto gold nanoparticles, the azobenzenes were seen to have 
significantly higher photoreactivity to UV light.69 Similar to azobenzene molecules packed on 
Au(111), the lack of photo reactivity was found to be due to steric hindrance in their densely 
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packed film structures 65,69,70,71,72,73,74,75 For example, molecular resolution AFM studies of, 
hexyl azobenzene thiol SAMs were found to have an oblique lattice with nearest neighbour 
distance of ~5.5 Å. Azobenzene terminated SAMs “bundled together” even closer in an 
incommensurate lattice with nearest neighbour distance of either ~4.36 Å (hexagonal)71 or ~4.5 
Å (oblique)73, due to strong aromatic interactions between azobenzene units.  
 
Increasing the free volume of the azobenzene moiety by achieving a monomeric dispersion 
seems to be necessary to induce high photoreactivity in the SAMs.69 Previously, many groups 
have tried to increase the free volume of the azobenzene moiety within the SAM layer when 
adsorbed onto planar gold by (i) trying to introduce disorder within the SAM by using short 
alkyl chains separating the thiol headgroup to the azobenzene moiety52, or by having multiple 
anchoring to the substrate76, or (ii) by introducing spacers attached to the azobenzene unit,77 or 
(iii) by coadsorption of the azobenzene thiol with alkanethiols of shorter chain length52. 
For example, the photoresponse of fluoromethyl-azobenzene thiol SAMs (CF3-Azo-(CH2)n-SH) 
with different alkyl chain lengths were measured by Stiller et al.52 using the Kelvin Probe. Due 
to the greater van der Waals interactions between the methyl groups of longer alkanethiols, 
shorter alkanethiols are known to self-assemble with considerable amount of disorder. 
However, using shorter alkyl chain lengths between the azobenzene unit and the thiol 
headgroup did not show any improvement in the photoresponse of the azobenzene units. On the 
other hand, the mixed SAM of CF3-Azo-(CH2)10-SH and (CH3)-(CH2)9-SH did show 
considerable improvement in the photoresponse.  
However, preparing SAMs of mixed thiols using coadsorption is known to be complicated and 
is very difficult to control.78,79,80,81 In such mixed systems, the longer chain molecules are 
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usually preferentially adsorbed onto the surface due to their lower solubility in solvents, 
resulting in island formations due to phase segregation in the SAMs.82,83  
 
 
1.4.4 Unsymmetrical Azobenzene Disulfide SAMs  
In order to benefit from the well ordered property of self-assembled monolayers, while 
implementing free volume within the azobenzene SAMs, unsymmetrical azobenzene disulfides 
with short alkyl side chains were designed and synthesized.70,84 Figure 1.4.3 shows a schematic 
of asymmetric azobenzene dithiols. Azobenzene SAMs made from such derivatives have the 
advantage of combining two seemingly opposite traits; namely that the molecules self-assemble 
in a well packed and orderly fashion 84 due to the long alkyl thiols, yet the azobenzene moieties 
have only a 50% surface coverage within the SAM, thus providing for free volume necessary 
for photoisomerization. These azobenzene SAMs were able to achieve a highly efficient 
photoisomerization also on planar gold substrates. Using SPR, Tamada et al. measured the 
photoresponse of the azobenzene thiol to be at least one order of magnitude lower than the 
unsymmetrical azobenzene disulfide in hexane and in air. 
  







Figure 1.4.3. Top: Schematic of asymmetric azobenzene dithiols. Various functions R can be 
substituted in the p’ position. Bottom: Reversible trans → cis photoisomerization and cis → 




1.4.5 Origin of Molecular Dipole Moments  
Molecular dipole moments originate from the electronegativity of the atoms constituting the 
molecule: within ionic or covalent bonds, partial charge transfers from electron donating to 
electron withdrawing elements result in the molecule being polar, with the net molecular dipole 
moment as the vector sum of all individual dipoles. For example, the asymmetry of the water 
molecule results in a dipole moment in the symmetry plane pointed towards the electropositive 
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hydrogen atoms (Figure 1.4.4). Conversely, a molecule with inverse symmetry would have zero 
dipole moment due to the individual vectors cancelling out.  
 
 
Figure 1.4.4. Dipole moment of a water molecule resulting from the vector sum of two dipoles 
pointing from the electronegative oxygen atom (red) to the two electropositive hydrogen atoms 
(blue). 
 
1.4.6 Dipole Moments of Azobenzene SAMs   
The inverse symmetry of the benzene rings about the N=N double bond causes trans 
azobenzene to have nearly zero dipole moment, even though nitrogen is highly electron 
withdrawing. However, this symmetry is broken in the process of photoisomerization, giving 
rise to a strong dipole of cis azobenzene. The net dipole moment of the azobenzene unit can be 
further modified by attaching functional groups having electron donating or electron 
withdrawing properties in the p’ position. For example Tamada et al.66 and Akiyama et al.84 
functionalized azobenzene with hexyl (C6H13) as electron donating and cyano (CN) as electron 
withdrawing properties respectively (Figure 1.4.3). Therefore, SAMs comprising azobenzene 
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units capable of undergoing photoisomerization provide for surfaces with the propensity of 
changing dipole moments. 
 
1.4.7 Dipole Moments and Metal Work Functions  
Simple molecular adsorption, such as chemisorption of functionalized thiolates self assembled 
monolayers (SAM) on gold,85,86,87,88,89 have been shown to alter the work function (φ) of the 
metal substrate. For example, the tuning of electrical characteristics of networked single-walled 
carbon nanotube field-effect transistors (SNFETs) has been demonstrated by adsorbing various 
functionalized thiolated molecules on the corresponding gold electrodes.85  
However, the mechanism leading to such changes in metal work function (Δφ) is not 
completely understood yet. Two theories exist. The first points to the change in work function 
originating from significant metal → molecule electron charge transfer 89,90,91, whereas the 
second points to the role of the dipole moment of the adsorbate molecule 86,92,93. Significant 
charge transfer occurs mainly in conjugated polymers, whereas alkane thiols, being large 
energy gap molecules, would prevent charge injection at the metal-SAM interface.  
 
 
1.4.8 Aim of This Work  
In an attempt to correlate Δφ to dynamically changing molecular dipoles, we present here a 
study of photoisomerization in azobenzene derivative SAMs and real time monitoring of the 
work function change of gold modified by the SAMs during thermal recovery.  
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This second chapter covers the experimental section of our studies. First the various techniques 
used will be introduced, namely the scanning tunneling microscope and synchrotron techniques 
such as photoelectron spectroscopy, Ultra-Violet photoelectron spectroscopy and X-ray 




Experimental Techniques – Chapter 2.1 
 
2.1 Experimental Techniques Used 
In our aim to study nanoscale properties, we have used primarily two well established 
techniques, namely the scanning tunneling microscope (STM) to image individual ferrocene 
moieties and synchrotron related techniques at the "Surface, Interface and Nanostructure 
Science Beamline" (SINS) at the Singapore Synchrotron Light Source (SSLS). 
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2.1.1. Scanning Tunneling Microscope 
2.1.1.1. Brief History and Theory. 
The scanning tunneling microscope (STM) was invented in 1981 by Gerd Binning and 
Heinrich Rohrer,1 for which they won the Nobel Prize for Physics in 1986. Along with Quate, 
they also invented the atomic force microscopy (AFM) in 1986. Along with the AFM, the STM 
forms part of the surface probing techniques called "Surface Probe Microscopes", SPMs.  
SPMs involve having a very sharp tip rastering a surface to monitor surface features such, but 
not limited to, height, contours, electronic properties,2,3 paramagnetic properties and other 
surface properties. By using an atomically sharp tip and proper settings, atomic resolution 
images can routinely be obtained. Such resolutions are obtained by virtue of piezoelectric 
transducers on which are mounted the tips. Piezo crystals being polarized materials would be 
deformed under the applications of an electric field. Controlling the direction and strength of 
the electric field applied across the piezo crystals allows for the mounted tip to have lateral 
displacements in the sub-atomic regimes, thus allowing for atomic resolution imaging. 
The scanning tunneling microscope4 measures the quantum mechanical tunneling current 
between the probing tip and the surface under investigation. Under the application of a low tip-
sample bias voltage V (volt) across the potential barrier  Φ (eV), the tunneling current I is 
obtained by5 : 
   I ∝ (V/Δs) exp (Φ1/2Δs ) 
where Δs (Å) is the separation between the electrodes.  Thus a 1 Å change in the gap distance 
(Δs) would produce approximately one order of magnitude change in the tunneling current I. 
During routine operations, the tip-sample distance is maintained within a range of 0.1~10 nm, 
with a tunneling current of 50 pA ~ 1 nA obtained with a bias typically in the range of 100 mV 
~ 1 V.  
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2.1.1.2.  Modes of Operation. 
The STM has two basic modes of operation: the “constant current” mode and the “constant 
height” mode. In the constant current mode, the tunneling current is kept constant by means of 
a feedback to the piezo crystal which is adjusted accordingly along the vertical axis 
(perpendicular to the scanning direction) such that the tunneling current remains constant. In so 
doing, the tip follows the constant Fermi level contour of the surface. In the constant height 
mode, the vertical height of the tip is kept constant during scanning, with the tunneling current 
measured at each data point.  
 
2.1.1.3. STM imaging of organic molecules. 
 
Figure 2.1. Tunneling through molecular orbitals for molecular imaging by STM.  
 
Figure 2.1 shows the tunneling current between the tip and substrate during STM imaging of 
molecules adsorbed on the substrate, represented by a one-dimensional tip-molecule-substrate 
tunnel junction. When no bias is applied, the net tunneling current is zero (Figure 2.1a). 
Applying a positive bias V to the substrate (Figure 2.1 b) causes the lowering of the lowest 
unoccupied molecular orbitals (LUMO) by eV. When these come into resonance with the filled 
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levels of the metallic tip, the electrons would thus tunnel from the tip to the sample. It is also 
possible to tune the bias voltage such that the higher unfilled molecular orbitals (LUMO+1, etc) 
would come into resonance with the tip, such that the local density of the unfilled orbitals 
would be probed. Applying a negative bias to the substrate (Figure 2.1 c) conversely raises the 
energy levels of the molecular orbitals. When the negative bias is such that the highest 
occupied molecular orbital (HOMO) comes into resonance with the tip, tunneling would again 
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2.1.2. Synchrotron Based Techniques  
2.1.2.1. The Synchrotron 
A synchrotron (Figure 2.2) is a particle accelerator that accelerates electrons to almost the 
speed of light by means of superconducting magnets, as they travel within a storage ring. When 
the electrons are accelerated round the bends, they emit very bright and continuous 
Bremsstrahlung radiation tangential to their paths. This radiation can then be channelled by 
means of beamlines (Figure 2.3) and their energies tuned by means of monochromators. 
 
Figure 2.2. The Singapore Synchrotron Light Source (SSLS). 
 




Figure 2.3. The Surface, Interface and Nanostructure Science (SINS) Beamline . 
 
2.1.2.2. Photoelectric Spectroscopy  
When photons of sufficient energies are incident onto an atom, they can be adsorbed by the 
orbiting electrons and be emited as photoelectrons (Figure 2.4). Discovered by Einstein in 
1905, the theory of the photoelectric effect postulates that the maximum kinetic energy of the 
electrons ejected from a material is equal to the frequency of the incident light times Planck's 
constant, less the work function. The resulting photoelectric equation of Einstein can be 
expressed by  






The Planck energy at the threshold frequency is the energy needed to just remove an 
electron from the target, and it is called the work function (φ) of the metal used. Light of 
frequency above threshold would impart energy in excess of the work function to the ejected 
electron in the form of kinetic energy. Thus:       
E k  =  h v =  φ +  ½  me v 2         
where:  m e  is the electron mass and v  is the velocity of photoelectron  




Figure 2.4. Schematic of the photoelectric effect. 
 
2.1.2.3. Ultra-Violet Photoelectron Spectroscopy 
In Ultra-Violet Spectroscopy (UPS), photons in the UV range (10 ~ 60 eV) are incident unto 
the sample. These photon are only able to ionise electrons within the valance band of the atoms, 
giving valuable information about the Fermi level and the work function of the material. 
 
2.1.2.4. X-ray Adsorption Spectroscopy  
Due to the tunability of photons incident unto the samples, the photoelectrons being ejected 
from the atom core can be tuned such as to interact with the surrounding atoms and excite the 
bound electrons into vacant bound electronic states (unoccupied molecular orbitals) near the 
valence band. As a result, distinct absorptions would result at these energies, giving rise to an 
adsorption spectrum which is often a function of molecular coordinations. As such these 
adsorption spectra can be used in the study of geochemistry. 
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Ferrocene – Chapter 2.2 
2.2 Experimental  Section  for  STM  Studies  of  Ferrocenyl 
Undecanethiol. 
11-ferrocenyl-1-undecanethiol was purchased from Dojindo Laboratories, Japan, and used 
without further purifications. Phenyloctane was used as solvent for STM imaging, by virtue of 
its properties as isotropic liquid with low vapor pressure and low affinity to HOPG.6 Solutions 
of phenyloctane containing 11-ferrocenyl-1-undecanethiol at a concentration of 1 mg/ml as 
well as that containing 1:1 mixtures of 11-ferrocenyl-1-undecanethiol and octanethiol at a total 
concentration of 1 mg/ml were prepared prior to the experiment. A STM head of Nanoscope II 
with a Nanoscope IV controller (Veeco, USA) was used for imaging. Commercially available, 
mechanically cut platinum iridium tips were used as purchased from NIHON Veeco, Japan. A 
small droplet of the solutions of phenyloctane was gently placed onto a freshly cleaved HOPG 
and the STM tip scanned inside the solution (Figure 2.5). 
 
Figure 2.5. Schematics of STM imaging in phenyloctane solution.  
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2.3.1. Materials and Sample Preparation 
The procedures for sample preparation followed those of Yokokawa et al.7 The S-SAMs and G-
SAMs were prepared by immersing freshly evaporated gold surfaces into methanol with 0.1 
mM thiol for 6 h. The T-SAMs were prepared by the adsorption of L-tartaric acid (99.5%) onto 
the G-SAMs, formed by immersion into a 1.0 mM L-tartaric acid methanol solution for 6 h. 
The C12-SAMs were prepared by immersing freshly deposited gold substrates into ethanol 
solutions containing 1.0 mM dodecanethiol for 24 h within 5 min after being removed from the 
nitrogen gas purged evaporation chamber.  
The gold substrates were obtained by thermally evaporating 150 nm gold (99.99%) onto 
Si(100) substrates cut into 3 mm × 12 mm pieces, with a 2 nm Cr adhesive layer thermally 
evaporated in between to prevent the gold layer from detaching the Si substrate when immersed 
in methanol. All depositions were carried out at a pressure of 10-6 Torr. The Si substrates were 
rinsed and sonicated in pure ethanol for at least 1 h and dried in a flow of nitrogen gas prior to 
insertion into the UHV gold deposition chamber. 
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2.3.2. Methods and Experimental Conditions 
All experiments were performed at the SINS beamline, SSLS.8 Survey and high-resolution XPS 
spectra using 650 and 500 eV photons were acquired to verify the structure of the various 
SAMs using dodecanethiol-SAM as a reference. A photon energy of 650 eV was used to 
include the O1s peaks at a binding energy of around 530 eV. XAS spectra of the  
C K-edge and N K-edge adsorption spectra were taken to elucidate the molecular orientations. 
A photon energy of 500 eV was used to investigate the attachment of tartaric acid onto the 
gemini-type SAMs by studying the Br3d and N1s peaks, whereby the lower kinetic energies of 
the photoelectrons increased the surface sensitivity9. Using 500 eV photons, Br3d and N1s 
photoelectrons would have kinetic energies of 430 and 100 eV, respectively.  
The photon flux being directly proportional to the total sample current, the measured peaks 
were normalized to the sample current. A complete set of high-resolution spectra were taken at 
the same pass energy to verify the relative surface elemental composition, and only 
comparisons within the same elements were performed for a qualitative or semi-quantitative 
discussion of the process of tartaric adsorption. Because of differences in effective atomic 
sensitivity factors at different photon energies,10 care is needed in surface stoichiometry 
determination. As the SAMs have a fixed orientation on the surface and the different elements 
are not randomly distributed in the overlayer, quantification is difficult, especially since the 
attenuation lengths of C1s photoelectrons in different organic thin films are not precisely 
known.11 
The synchrotron white light beam has an incident spot size of 1 mm × 2 mm at the sample 
position, with the X-ray beam being smaller. Using a takeoff angle of 40° for our ARPES 
measurements and a grazing angle of 20° for ARXAS resulted in an effective beam size smaller 
Chapter 2: Experimental. 2.3. Selective Adsorptions 
54 
 
than 1 mm × 3 mm at a normal takeoff angle. The ARPES analysis area is about 1 mm × 2 mm 
at a 40° takeoff angle, and the ARXAS beam size is even smaller at grazing angles of 20°, due 
to a constant beam-toanalyzer angle of 50°. 
All samples were introduced into the UHV chamber within 30 min after being rinsed in pure 
methanol and ethanol and dried by dry nitrogen gas. All the spectroscopic measurements were 
performed in the UHV chamber at 10-10 Torr, and the spectra were obtained using a seven-
channel Omicron hemispherical electron energy analyzer. The high-resolution spectra 
displayed were obtained at a pass energy of 10 eV to obtain good signal-to-noise ratios.
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Azobenzene – Chapter 2.4 
2.4 Experimental  Section  for  Photoreaction  Studies  of 
Azobenzene 
2.4.1. Materials and Sample Preparation 
Figure 2.6 shows two asymmetric azobenzene dithiols12,13 (RAzC12SSC12; R being the 
functional group in the p’ position) used in our studies. The two molecules are identical except 
for the functional group in the p’ position: non-substituted H-Azobenzene (Figure 2.6 left) and 
cyano substituted CN-Azobenzene (Figure 2.6 right) respectively. The Azobenzene SAMs were 
prepared by immersing freshly deposited Au in an azobenzene containing solution at 0.5mM 
concentration for 24hrs with hexane (CH3(CH2)4CH3) as solvent. Au substrates were prepared 
by thermally evaporating 150 nm of 99.99% Au on Si substrates with 5 nm Cr used as an 
adhesion layer. The azobenzene SAMs were then transferred to the UHV chamber for 
measurements. 
 
Figure 2.6. H-Azobenzene (left) and CN-Azobenzene (right) undergoing photoisomerization and 
thermal recovery.   
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2.4.2. Methods  
In our experiments, the work function of the gold substrate (φAu) and changes in the work 
function of gold modified by azobenzene SAMs (ΔφAu) were monitored by ultraviolet 
photoelectron spectroscopy (UPS) using low photon energy (hυ = 60 eV), and obtained by 
subtracting the spectrum width (W) from hυ ; W being the energy difference between the 
substrate Fermi level and the low kinetic energy cut-off (intersection of the linear extrapolation 
with the baseline).14 UPS measurements were performed at the Singapore Synchrotron Light 
Source (SSLS). 15,16,17,18 The photocurrent due to the total photon flux, as measured with a gold 
grid, was typically of the order of pico or nano amperes, which ensured negligible irradiation 
damage on the SAM.  
 
2.4.3. Experimental Conditions 
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Figure 2.7 shows the experimental set-up for UPS measurements. The UPS spectrum of gold 
substrate was first obtained in the main chamber (Position A) to determine the initial φAu of the 
pristine surface. A –5 V sample bias was applied during measurements of low kinetic energy 
cut-off to compensate for the contact potential between the sample and the analyzer, in order to 
resolve the low kinetic energy electrons. The spectra on gold modified by trans azobenzene 
SAM (as prepared, trans-form) were then taken to obtain ΔφAu of trans azobenzene. The 
samples were next transferred in-situ to a preparation chamber (Position B) where the SAMs 
were irradiated by UV light using an external 30 W high pressure Hg lamp for 20 minutes 
through a ZwB2/WB360 (Optima) band-pass filter for 360 nm light, and the mica window of 
the preparation chamber. The distance between the lamp and SAM was maintained at 8cm. The 
azobenzene SAMs were subsequently transferred back to the main chamber for real-time 
monitoring of ΔφAu during thermal recovery of the SAMs from cis to trans form. The time 
interval between the end of UV irradiation and start of UPS measurements was minimized to 
about two minutes. The chamber was kept in darkness to minimize photo recovery by ambient 
light. During thermal recovery, ΔφAu eventually reached a saturation value, indicating most 
azobenzene molecules have reverted back to their more stable trans form. Upon saturation of 
ΔφAu, the SAMs were again transferred to the sub chamber for further UV irradiation and the 
UV irradiation → UPS measurement cycle was repeated a few times. The time associated with 
the work function was obtained from the time stamp of the data file of each UPS spectrum.  
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2.4.4. Obtaining the Work Function of organic SAMs using UPS at the 
Singapore Synchrotron Light Source. 
The work function of the SAM (φSAM) can simply be obtained from Einstein’s equation:   
hv   = K.E - φSAM 
where    hv  is the photon energy  
   K.E  is the kinetic energy of an outgoing photoelectron, and  
   φSAM  is the work function of the SAM material 
 
In photoelectric spectroscopy such as UPS, the kinetic energy of the photoelectron is obtained 
from the spectrum width W, shown in Figure 2.8: 
 
Figure 2.8: UPS spectra of C12-SAM showing the low Kinetic Energy Cut-Off (K.Ecut-off),  
the Fermi Energy of the Au-foil (F.EAu-foil), the photon energy (hv), the Spectral Width (W),  
the work function of the analyzer (φAnal) and the workfunction of the SAM (φSAM) 
 
Thus,   W = hv – φSAM  where  φSAM  is the work function of the SAM 
Therefore we have: φSAM =   hv  – W  
with            hv  =  F.EAu-foil + φAnal  
where         F.EAu-foil  is the Fermi Energy of the Au-foil 
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In our measurements, since a –5 V sample bias was applied during measurements to 
compensate for the contact potential between the sample and the analyzer, in order to resolve 
the low kinetic energy electrons, we have: 
          W   =  F.ESAM –  (K.Ecut-off  – 5 ) 
where               K.Ecut-off  is the low Kinetic Energy Cut-Off 
 
Furthermore, at the SSLS, φAnal = 4.3 eV. Therefore we have,  
φSAM =   hv  – W  
=   (F.EAu-foil + 4.3 eV)  – { F.ESAM –  (K.Ecut-off  - 5) }   
  =   F.EAu-foil – F.ESAM  + K.Ecut-off  + 4.3 eV - 5  
  =   F.EAu-foil – F.ESAM  + K.Ecut-off   – 0.7 eV 
 
 
Figure 2.9. F.EAu-foil = F.ESAM  , 
 
Since in our case,   F.EAu-foil = F.ESAM  , as seen in Figure 2.9 and in Alloway et al for various 
alkanethiols adsorbed on Au,19 we obtain:  
φSAM =  K.Ecut-off   – 0.7 eV 
 
Therefore, the absolute work function is obtained by simply shifting the low kinetic 
energy cut-off by 0.7 eV.  
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This third chapter covers the results and discussion pertaining to our studies of the 
self-assembly of ferrocenyl undecanethiol. The first subchapter discusses scanning 
tunneling microscope (STM) images obtained with the molecule in striped phase on 
highly oriented pyrolitic graphite (HOPG) as a single component. The second 
discusses images obtained in striped phase when the molecule was coadsorbed with 
various alkanethiols on HOPG. A third subchapter focus on molecular resolution STM 
images obtained when ferrocenyl undecanethiol was coadsorbed with octanethiol. The 
fourth subchapter covers molecular resolution STM images of ferrocenyl 
undecanethiol adsorbed in standing-up phase on Au(111) with the molecule. The last 




Ferrocene in Striped Phase – Chapter 3.1 
 
3.1 Self‐Assembly  of  Ferrocene  in  Striped  Phase  on 
Highly Oriented Pyrolitic Graphite 
3.1.1. Images Obtained at low bias voltage 
Figure 3.1.1 shows typical STM images of 11-ferrocenyl-1-undecanethiol when 
spontaneously self-assembled in a striped-phase configuration with the molecular axis 
of the alkyl chains lying horizontally flat on the HOPG surface.  From this figure, the 
3.1. Striped Phase  STMImages.   Ferrocenyl Undecanethiol on HOPG. 
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distinct rows of alkyl chains (e.g., Arrow A) are found perpendicular to the double-
rows of bright spots (e.g., Arrow B).  The bright double-rows, which are quite similar 
to those in previous STM studies with alkanethiols are assigned to sulfur head-groups 
1,2,3,4. In our image, we also observe other features as ring-like structures (e.g., Arrow 
C1) or as fuzzy regions (e.g., Arrow C2) adjacent to alkyl chains between the double-
rows, which must be the features originated from the ferrocene moieties.  
The self-assembly of ferrocenyl undecanethiol on HOPG seems to be largely lead by 
the strong thiol-thiol interactions 5,6,7,8 unlike the assemblies of asymmetrical 
ferrocenyl alkanes 9 and bis-ferrocenes system 10,11 on HOPG which are governed only 
by van der Walls interactions between alkyl chains along with ferrocene-ferrocene 
interactions. The physisorbed patterns of both molecules without thiol functions 
basically follow the close packing diagrams in three-dimensional crystals as most 
stable assembled structures.  Our STM images with ferrocene moieties equally spaced 
between sulfur rows are rather in common with the report of ferrocenyl pentanethiol 
on Au(111) 12.     







Figure 3.1.1. STM image of 11-ferrocenyl-1-undecanethiol SAM at a phenyloctane-
HOPG interface in constant height mode (constant current) at 150pA, 550mV. A: alkyl 
chains. B: double row of sulfur head groups. C1: ring-like structure. C2: fuzzy regions. 
The molecular structures with the Cp(centroid)-Fe-Cp(centroid) axes parallel (green) and 
perpendicular (blue) to the surface are superposed in the image to indicate the fuzzy 













Figure 3.1.2. Sectional view taken along Arrow B in Fig. 2a showing commensurate 






Figure 3.1.3. Sectional analysis taken along the sulfur rows from Rectangle σ in 
Figure 2a, showing moiré pattern and bundles of 5-6 alkyl chains with 
incommensurate packing and spaced at 4 angstroms. 
 




When the ferrocene moieties appear as ring-like, we observe neighbouring sulfur 
groups and the alkyl chains being well aligned as shown near Arrow C1. The distance 
of 5 angstroms between sulfur groups are clearly confirmed by the sectional analysis 
on Arrow B (Figure 3.1.2) in good agreement with the distance of alkyl chains in the 
commensurate packing on the HOPG substrate. On the other hand, some other regions 
adjacent to the ring-like structured ferrocene exhibit an intensity fluctuation known as 
a moiré pattern (see the region of  Rectangle σ)13,14,15,16,17,18,19. This type of contrast 
fluctuation has been observed in other films such as carboxylic acids19 and 1-
octadecylamine (CH3(CH2)17NH2) on graphite, and been explained by an 
incommensurate packing of the self-assembled molecules against the underlying 
graphite lattice. Contrast variations of such moiré patterns are known to be most 
pronounced when the mismatches between the substrate surface and the films are 
along both unit vectors of the substrate lattice. In the region of Rectangle σ, the alkyl 
chains are found to bundle up together in groups of five or six with 4 angstroms spaces 
due to van der Waals interactions, while the sulfur atoms are 5 angstroms distant as 
shown in sectional analysis in Figure 3.1.3. The bulky ferrocene moieties attached to 
the end of undecanethiols seems to contribute the formation of the moiré pattern, since 
alkanethiols without functional groups are known to form only commensurate packing 
on HOPG.1,2 Such bundling of the alkylchains were not observed at higher bias 
voltages or in mixed layers when coadsorbed with octanethiols (Chapter 3.3, Figure 
3.3.5), similar to ferrocenyl-pentanethiol in mixed layers with alkanethiol on 
Au(111)12.  
In previous studies, Pertaya et al.20 has reported the STM images with 
cyclopentadienyl rings left on Ag(110) surfaces after the decomposition of ferrocene. 
Braun et al. 21 has also imaged ferrocene moieties with their Cp rings immobilized on 
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Au(111) at 5K. The ring-like structures in our images at room temperature are in 
excellent agreement with the size of Cp rings in their reports.  
There is one report concerning STM image of rotating molecules by Gimzewski et al. 
22.  He found that the six lobes of hexa-tert-butyl decacyclenes (HB-DC) (Figure 3.1.4) 
were clearly resolved when they were surrounded by adjacent molecules on the surface 
(Figures 3.1.5.A and 3.1.5.C). However, HB-DC exhibit doughnuts or inner tube like 
structures by rotation when they were free from steric hindrance by surrounding 
molecules (Figures 3.1.5.B and 3.1.5.D).   
 
In a similar manner to HB-DC molecules, we believe that the ring-like structures we 
obtained are the ferrocene moieties rotating with their Cp(centroid)-Fe-Cp(centroid) vector 
perpendicular to the HOPG surface (Figure 3.1.6 b).   
 
DFT calculations have determined physisorbed ferrocenes dimers on graphite to have 
the lowest binding energy (-18.9 kcal mol-1) when assembled in an orthogonal 
configuration with one of the Cp(centroid)-Fe-Cp(centroid) vectors vertical to the HOPG and 
the second ferrocene having its vector horizontal to the surface 10.  The single rows of 
ring-like structures (e.g., Arrow C1) imaged between sulfur double rows in Figure 
3.1.1 can be explained by this alternate packing (one parallel and the other 
perpendicular) of ferrocenes.   
The origin of fuzzy regions (e.g., Arrow C2) between the sulfur double rows is not as 
clear as the ring-like structures. However, the clearly resolved images of the sulfur 
double rows and alkyl chains proves that the locally confined fuzzy regions did not 
result from simple failure of STM imaging but suggests some phenomena occurring at 




the interface. We consider the local motion of ferrocenes, which was equivalent to the 
STM scan speed, to have constituted the fuzzy regions. According to DFT 
calculations,10 ferrocene dimers having both Cp(centroid)-Fe-Cp(centroid) axes parallel to 
the HOPG have only slightly higher binding energy (-17.0 kcal mol-1) as compared to 
their orthogonal packing (-18.9 kcal mol-1). Thus both conformations shown in Figure 
3.1.6 likely co-exist when the ferrocene moieties self-assemble on graphite. However, 
we could not find any structures corresponding to the ferrocene with the Cp(centroid)-Fe-
Cp(centroid) axes parallel to the surface (Figure 3.1.6a) but the only ring like structures 
(Figure 3.1.6b).  Thus, we presume the fuzzy regions in our STM image corresponds to 
the ferrocene units with the Cp(centroid)-Fe-Cp(centroid) axes parallel to the surface 
undergoing the movements by the STM scan.    
Bistable rotaxane molecules have a molecular structure in which a cyclobit(paraquat-
para-phenylene) (CBPQT4+) ring rotates along a central axis containing a redox-
active tetrathiafulvalne (TTF) unit and a naphthalene ring system. This system has 
been studied extensively as linear artificial molecular muscles 23,24,25,26, however, to the 
best of our knowledge, the molecular resolution STM images of the rotaxane have 
never been reported by any groups yet.  The plane of rotation of these molecules is 
along the scanning direction when the molecules are lying flat on the substrates, 
similarly to the ferrocene with the Cp(centroid)-Fe-Cp(centroid) axes parallel to the surface.  
Here we would also like to point out that the rotating HB-DC molecules were 
visualized only with the rotation axis perpendicular to the surface 22. Thus we presume 
that rotation of ferrocene with the Cp-Fc-Cp axes perpendicular to the surface is more 
stable against STM scanning compared with that with the Cp-Fc-Cp axes parallel to 
the surface.  Further studies are required to elucidate the detailed mechanism. 




Figure 3.1.4. Top (A) and side (B) views of models of the molecular structure of hexa-tert-
butyl decacyclene (HB-DC) showing the molecule consisting of a central conjugated 
decacyclene core with six t-butyl legs attached to its peripheral anthracene components. Atoms 
of C and H are blue and white, respectively. The t-butyl groups are 0.757 nm apart on each 
naphthalene component and 0.542 nm apart attached to adjacent naphthalene components. 
Obtained from Gimzewski et al. Ref 22. 
 
   
Figure 3.1.5. Left: STM image of an atomically clean Cu(100) surface after exposure to a full 
monolayer coverage of HB-DC molecules showing each molecule as a six-lobed structure in a 
hexagonal lattice with mean intermolecular separations of 1.78 nm. A subtle difference in the 
height of the six lobes reflects the propeller conformation and its adaptation to interaction with 
the substrate. (11.4 nm × 11.4 nm, V = 0.35 V, I = 90 pA). Right:  Sequence of STM images of 
an atomically clean Cu(100) surface after exposure to a coverage just below one complete 
monolayer of HB-DC measured in UHV at room temperature. In (B) and (D) the molecule is 
imaged as a torus and is in a location where it is not in phase with the overall 2D molecular 
overlayer (disengaged state). In (A) and (C), the same molecule is translated by 0.26 nm and 
imaged as a six-lobed structure in registry with the surrounding molecular layer. (5.75 nm × 
5.75 nm, V = 0.35 V ,  I = 90 pA). Obtained from Gimzewski et al. Ref 22. 






Figure 3.1.6. Schematic model of 11-ferrocenyl-1-undecanethiol lying flat on surface 
with the Cp(centroid)-Fe-Cp(centroid) vector of ferrocene moiety as (a) parallel (green) or 




Figure 3.1.7. Bistable Rotaxanes. Adapted from Ref 26. 
(a) 
(b) 
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3.1.2. STM Images Obtained at Higher Set Voltage: 1000 mV. 
Since STM images of self assembled ferrocenyl undecanethiol coadsorbed with 
alkanethiols could only be acquired at higher set voltages (1000 mV ~ 1500 mV), 
which is the optimized condition to visualize clear sulfur double rows from alkanethiol 
monolayers on HOPG as reported before27,28, we also obtained STM images of self 
assembled ferrocenyl undecanethiol at higher set voltages in order to determine the 
effect of such higher voltages on the image contrast.  
Figure 3.1.8 shows an STM image of the molecule in striped phase at a phenyloctane-
HOPG interface, obtained at 1200 mV. We again see bright rows along the three fold 
symmetry of the HOPG surface. A higher resolution STM image obtained at 30 nm x 
30 nm (Figure 3.1.9) however shows the “bright” regions to correspond to the fuzzy 
features previously identified as Arrow C2 of Figure 3.1.1 whereas the sulfur rows now 
appear as faint rows. The alkyl chains are again seen to be oriented perpendicular to the 
ferrocene and sulfur rows. All alkylchains are now fully stretched with no bundling 
observed. Furthermore, no ring-like features are observed at the higher bias voltage. 
The distance between two sulfur rows, equivalent to two molecular lengths, was 
measured to be 4.5 nm. The origin of the enhanced contrast of the ferrocene rows at 
high bias voltage observed as a height increase of about 0.3 nm is not clear. A similar 
height increase measured by ellipsometry was reported by Ohtsuka et al. 29 for 
ferrocene at 0.8 V; however the postulated reason for such increase in thickness was the 
ion-pair formation between Ferrocenium and the anions from the solution. Yao et al. 30 
also measured a height increase of ferrocene terminated alkane thiols during the 
oxidation of the ferrocene moiety to Ferrocenium using electrochemistry surface 





plasmon resonance (SPR). Gorman et al. 31 also reported the ferrocene derivatives 
becoming unstable under high bias voltage (>1000 mV) for STM imaging. 
Furthermore, Chidsey et al. 32 reported very strong interactions between ferrocene 
groups of ferrocenyl undecanethiol self assembled on Au(111), even at very low 




Figure 3.1.8. STM image of ferrocenyl undecanethiol self assembled on HOPG imaged 
at high bias voltage. Imaging conditions: 100 nm × 100 nm, I = 100 pA, V = 1200 mV. 
 







Figure 3.1.9.a 30 nm × 30 nm STM image of ferrocenyl undecanethiol self assembled 
on HOPG. Height Mode Image (constant current) obtained at 60 pA, 1000 mV.  
 







Figure 3.1.9.b. Filtered image showing perpendicular orientation of alkyl chains 
relative to sulfur and ferrocene rows. 
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3.2 Striped  Phase:  Ferrocenyl  Undecanethiol  Co‐
Adsorbed with Alkanethiols  
 
3.2.1 Coadsorption of ferrocenyl undecanethiol with octadecanethiol 
3.2.1.1 Molar Ratio: fc:C18 = 1:1 
Figure 3.2.1 shows a 20 nm × 20 nm STM image of ferrocenyl undecanethiol (fc) 
coadsorbed with octadecanethiol (CH3(CH2)17SH, hereafter referred to as C18) with 
equal molar ratio (fc:C18 = 1:1) at a phenyloctane-HOPG interface. The image was 
obtained at a current set point of 50 pA† and bias voltage of 1000mV. Figure 3.2.1 is 
identical to Figure 3.1.9, corresponding to only ferrocenyl undecanethiol self 
assembled on HOPG: well defined sulfur rows are imaged between fuzzy rows 
corresponding to the ferrocene moieties with the distance between two sulfur rows, 
equivalent to two molecular lengths, again measured to be ~ 4.5 nm. Additional 
images were taken at various locations on the HOPG surface for the fc:C18 = 1:1 
system; however only similar images of ferrocenyl undecanethiol were obtained.  
 
The absence of octadecanethiol on the surface when mixed with ferrocenyl 
undecanethiol at a 1:1 ratio in the phenyloctane solution indicates that ferrocenyl 
undecanethiol has a higher affinity to HOPG than the long chain length alkanethiol.  
 
                                                            
† Such a low current set point causes the STM tip to be further from surface, resulting 
in a lower image resolution.   









Figure 3.2.1. 20 nm × 20 nm STM image of the self assembly of ferrocenyl 
undecanethiol coadsorbed with octadecanethiol at a 1:1 molar ratio on HOPG. Height 
Mode Image obtained at 50 pA, 1000 mV. Only ferrocenyl undecanethiol is observed 
in the STM image. 




3.2.1.2 Molar Ratio: fc:C18 = 1:5 
Figure 3.2.2 shows a 60 nm × 30 nm STM image of ferrocenyl undecanethiol 
coadsorbed with octadecanethiol at a fc:C18 = 1:5 molar ratio in phenyloctane 
solution. The imaging conditions were I = 100 pA, V = 1200 mV. The fuzzy regions 
corresponding to the ferrocene moieties and the well defined sulfur rows are not 
clearly visible. However, from the varied molecular lengths across each molecular 
rows, it seems the octadecanethiol and ferrocenyl undecanethiol co-adsorb with 
intercalated molecules , as shown in Figure 3.2.4.  
 
 
   
 
Figure 3.2.2. 60 nm × 30 nm STM image of the self assembly of ferrocenyl 
undecanethiol coadsorbed with octadecanethiol at a 1:5 molar ratio on HOPG. Height 
Mode Image obtained at 100 pA, 1200 mV. Ferrocenyl undecanethiol molecules are 
seen to be intercalated with octadecanethiol molecules. 





3.2.1.3 Molar Ratio: fc:C18 = 1:10 
Figure 3.2.3 shows a 40 nm × 40 nm STM image of ferrocenyl undecanethiol 
coadsorbed with octadecanethiol at a fc:C18 = 1:10 molar ratio in phenyloctane 
solution, obtained at I = 50 pA, V = 1000 mV. From the different molecular lengths, 
we again deduce ferrocenyl undecanethiol to be intercalated with octadecanethiol, as 
shown in Figure 3.2.4. 
   
 Figure 3.2.3. 40 nm × 40 nm STM image of the self assembly of ferrocenyl 
undecanethiol coadsorbed with octadecanethiol at a 1:10 molar ratio on HOPG. Height 
Mode Image obtained at 50 pA, 1000 mV. Ferrocenyl undecanethiol molecules are 
again seen to be intercalated with octadecanethiol molecules.  





Figure 3.2.4. Model of ferrocenyl undecanethiol coadsorbed with octadecanethiol at a 
molar ratios of fc:C18 = 1:5 and fc:C18 = 1:10, showing intercalated molecules. 
 
 
Furthermore, compared to the monolayer formed at a fc:C18 = 1:5 mixing ratio where 
we observed the two molecules appearing at an approximately equal amount on the 
surface, more octadecanethiols were observed at a fc:C18 = 1:10 mixing ratio in 
solution, as expected.  




3.2.2 Coadsorption of ferrocenyl undecanethiol with dodecanethiol 
 
Figure 3.2.5 shows a 300 nm × 300 nm STM image of ferrocenyl undecanethiol 
coadsorbed with dodecanethiol (CH3(CH2)11SH, hereafter referred to as C12) at a 
phenyloctane-HOPG interface. The image was obtained at a current set point of 50 pA 
and bias voltage of 1000mV. Large striped phase domains are observed, with stripes 
formed by the molecular rows seeming crossing at domain boundaries  
STM images obtained at 200 nm × 200 nm (Figure 3.2.6) and 100 nm × 100 nm 
(Figure 3.2.7) clearly showed such crossed striped phases forming a grid-like pattern, 
as resulting from the undisturbed overlapping of molecular rows. Figure 3.2.8 is a 3-D 
projection of Figure 3.2.7 showing the crossed striped phase of ferrocenyl 
undecanethiol coadsorbed with dodecanethiol. 
 
Further scanning at mesoscopic scales (300 nm × 300 nm ) caused the molecules to 
align along the scanning direction (molecular rows oriented perpendicular to the 
scanning direction), as shown in Figure 3.2.9, indicating the molecular rows were 
oriented by the STM tip, hence implying a very weak interaction between the 
molecules and the HOPG substrate. The molecules being too fluid on the surface 
prevented molecular resolution imaging for ferrocenyl undecanethiol coadsorbed with 
dodecanethiol. 
 
The crossed striped phases might indicate ferrocenyl undecanethiol and dodecanethiol 
to be miscible in phenyloctane solvent. However, molecular resolution images could 
not be obtained and thus, the exact nature of such crossed striped phases could not be 
investigated. From the alignment of the molecules along the scanning direction, the 
cross striped patterns are likely to correspond to the surface morphology, rather than an 
orbital overlapping from superposed monolayers.33,34,35,36 





   
 
Figure 3.2.5. 300 nm × 300 nm STM image of the self assembly of ferrocenyl 
undecanethiol coadsorbed with dodecanethiol at a phenyloctane-HOPG interface. 
Height Mode Image obtained at 50 pA, 1000 mV. Large striped phase domains are 
observed, with crossing of the stripes at the domain boundaries.  
 








Figure 3.2.6. 200 nm × 200 nm STM image of ferrocenyl undecanethiol coadsorbed 
with dodecanethiol at a phenyloctane-HOPG interface. Height Mode Image obtained at 
50 pA, 1000 mV. Large striped phase domains are observed, with the stripes crossing 
each other as the domains overlap.   
 







Figure 3.2.7. 100 nm × 100 nm STM image of ferrocenyl undecanethiol coadsorbed 
with dodecanethiol at a phenyloctane-HOPG interface. Height Mode Image obtained at 
50 pA, 1000 mV. Crossed striped phase clearly observed as overlapping of two 
domains.  





Figure 3.2.8 . 3-D projection of Figure 3.2.7 showing crossed striped phase of 
ferrocenyl undecanethiol coadsorbed with dodecanethiol. 
 
   
Figures 3.2.9 . Three consecutive 300 nm × 300 nm STM images of ferrocenyl 
undecanethiol coadsorbed with dodecanethiol showing allignement of molecular rows 
against the scanning direction indicating fluidity of molecules on the HOPG surface. 
  




3.2.3 Coadsorption of ferrocenyl undecanethiol with decanethiol  
 
Figure 3.2.10 shows a 300 nm × 300 nm STM image of ferrocenyl undecanethiol 
coadsorbed with decanethiol (CH3(CH2)9SH, hereafter referred to as C10) at a 
phenyloctane-HOPG interface. The image was obtained at a current set point of 50 pA 
and bias voltage of 1000mV. Few molecular rows are observed. These molecular rows 
disappeared after one STM scan, as shown in Figure 3.2.11. STM imaging was 
attempted many times with the molecular rows quickly disappearing, indicating very 
stringent imaging conditions.  
      
Figure 3.2.10. 300 nm × 300 nm STM image of ferrocenyl undecanethiol coadsorbed 
with decanethiol at a phenyloctane-HOPG interface. Height Mode Image obtained at 
50 pA, 1000 mV. Very few molecular rows are observed.  





   
 
Figure 3.2.11. 300 nm × 300 nm STM image of ferrocenyl undecanethiol coadsorbed 
with decanethiol at a phenyloctane-HOPG interface obtained immediately after Figure 
3.2.10. Molecular rows disappear after one scan. Height Mode Image obtained at  
50 pA, 1000 mV.  
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3.3 Striped  Phase:  Ferrocenyl  Undecanethiol 
Coadsorbed with Octanethiol 
 
3.3.1 Molar Ratio: fc:C8 = 1:1. 
 
Figure 3.3.1 shows a 350 nm × 350 nm STM image of ferrocenyl undecanethiol 
coadsorbed with octanethiol (CH3(CH2)7SH, hereafter referred to as C8) at a 
phenyloctane-HOPG interface, obtained at a current set point of 150 pA and bias 
voltage of 1500mV. The image shows many stripe phase domains following the 
threefold symmetry of HOPG with clearly defined domain boundaries though some 
domains are relatively small (~50 nm × 50 nm ).  
 
STM images obtained within a large stripe phase domain are shown in Figure 3.3.2 
and Figure 3.3.3 respectively, where well defined sulfur rows (Arrow S) are 
distinguished from fuzzy like rows (Arrow C), similar to Arrow C2 of Figure 3.1.1, 
though the density of the fuzzy region in Figure 3.3.3 is less than that of Figure 3.1.9 
imaged at the same high bias voltage for only ferrocenyl undecanethiol molecules self 
assembled on HOPG. 
Figure 3.3.4 was obtained in Current Mode (constant height) and indicates tunnelling 
currents obtained within the fuzzy regions to be much larger than the tunnelling 
current from the sulfur atoms, though being very noisy. 
 








Figure 3.3.1. 350 nm × 350 nm STM image of ferrocenyl undecanethiol coadsorbed 
with octanethiol at a phenyloctane-HOPG interface. Image obtained in Height Mode at 
150 pA, 1500 mV.  
 
 







Figure 3.3.2. 50 nm × 50 nm STM image of ferrocenyl undecanethiol coadsorbed with 
octanethiol at a phenyloctane-HOPG interface. Image obtained in Height Mode at 150 












Figure 3.3.3. 30 nm × 30 nm STM image of ferrocenyl undecanethiol coadsorbed with 
octanethiol at a phenyloctane-HOPG interface. Image obtained in Height Mode at 150 











Figure 3.3.4. 30 nm × 30 nm STM image of ferrocenyl undecanethiol coadsorbed with 
octanethiol at a phenyloctane-HOPG interface. Image obtained in Current Mode 








Figure 3.3.5 shows a 15 nm × 15 nm molecular resolution STM image of ferrocenyl 
undecanethiol coadsorbed with octanethiol at a phenyloctane-HOPG interface, 
hereafter referred to as the fc-C8 mixed system. The image obtained in Height Mode at 
150 pA and 1500 mV indicates the molecules were phase segregated into defect-free, 
alternate molecular rows with head to head assembly, mimicking β-sheet bilayers in 
biological systems which adopt similar perpendicular packing 37,38,39.  Here the bright 
double rows of sulfur headgroup (e.g., Arrow S) and fully stretched alkyl chains (e.g., 
Arrows F and G) were clearly observed by molecular resolution. In the image, the 
fuzzy regions (e.g., Arrow D) appeared again between the bright double rows and 
alkyl chains of clear molecular resolution. It is again to be noted that, since the bright 
double rows as well as the alkyl chains are clearly resolved in the same STM scanning, 
the fuzzy regions are not resulted from poor STM resolution but suggest the essential 
property of ferrocene moieties, i.e., their dynamic movement on the surface.  The ring-
like structures similar to Arrow C1 of Figure 3.1.1 were detected in only a few 
positions (Arrow E) as exceptions.   
 
The ring-like or fuzzy features were asymmetrically distant from the sulfur double-
rows. One unit cell is shown as Rectangle R in Figure 3.3.6. The centre of the ring-like 
structures was found to be at distances 2.1nm and 1.5nm from the adjacent double 
rows. This distance accurately corresponds to the alkyl chain length of head to head 
and tail to tail aligned ferrocenyl undecanethiol (11 carbon atoms) and octanethiol (8 
carbon atoms) (Figure 3.3.7).  We found that these two molecules never form 
symmetry rows such as 2.1nm - 2.1nm or 1.5nm - 1.5nm adjacent to each other but 
always form alternate asymmetry rows (2.1nm – 1.5nm). In addition, the molecules 
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were much better ordered compared to those of single component ferrocenyl 
undecanethiol imaged at 550 mV, which contained misaligned and bundled alkyl 
chains as was shown in Figure 3.1.1. The intermolecular spacing of alkyl chains in the 
fc-C8 mixed system, that is 5 angstroms, is equal to the commensurate packing of the 
alkanethiols on HOPG. The alignment of the alkyl chains are more similar to the 
well aligned alkyl chains of ferrocenyl undecanethiol imaged at a higher voltage of 
1000 mV as shown in Figure 3.1.9. The difference in packing order leading to well 
aligned alkyl chains therefore might originate from the effect of the high bias voltage. 
However, ring like structures are also observed in Figure 3.3.5, unlike in Figure 3.1.9 
where only fuzzy features were observed between sulfur rows. In the fc-C8 mixed 
system, the alternate ferrocenyl undecanethiol and octane thiol rows would limit 
interactions between ferrocene moieties within single rows, whereas they would exist 
in double rows when self assembled in the single component ferrocenyl undecanethiol. 
We presume this further leads to strong interactions between ferrocene groups as 
observed by the enhanced contrast and height. 
The limited ferrocene-ferrocene interaction within single rows might therefore lead to 










Figure 3.3.5. 15 nm × 15 nm STM image of ferrocenyl undecanethiol coadsorbed with 
octanethiol at a phenyloctane-HOPG interface. Height Mode Image obtained at 150 
pA, 1500 mV. S: double row of sulfur head group; D: Ferrocene moieties imaged as 
fuzzy; E: Ferrocene moiety imaged as ring-like structure; F: CH3(CH2)7 alkyl chain; 










Figure 3.3.6. Cartoon depicting the self-assembly pattern of the mixture of 11-
ferrocenyl-1-undecanethiol and octanethiol. The white rectangle spanning over two 
pairs of both thiols represents one unit cell denoted by Rectangle R of Figure 3.3.5.  
 
 
Figure 3.3.7. 30 nm × 30 nm STM image of ferrocenyl undecanethiol coadsorbed with 
octanethiol at a phenyloctane-HOPG interface. Image obtained in Height Mode at 150 
pA, 1500 mV.   
11‐ferrocenyl‐1‐undecanethiol octanethiol




3.3.2 Self assembly of ferrocenyl undecanethiol on HOPG disrupted 
by C8 
 
Since octanethiol was found to have a comparable affinity to HOPG as ferrocenyl 
undecanethiol, as opposed to octadecanethiol, a separate study was performed to 
investigate the effect of adding a minute amount of octanethiol to ferrocenyl 
undecanethiol prior self assembled on HOPG.  
A drop of phenyloctane containing ferrocenyl undecanethiol at 1mg/ml was gently 
lowered on a freshly cleaved HOPG surface and was imaged as Figure 3.3.8 at a Set 
Current of 100 pA and Bias Voltage of 1000 mV. The image obtained was similar to 
Figure 3.1.9 with well defined sulfur rows and fuzzy and bright (higher) ferrocene 
rows. 
Then, the STM tip was gently dipped into the phenyloctane solution containing 
ferrocenyl undecanethiol and octane thiol at a 1:1 mixing ratio at a total 1mg/ml 
concentration and was used to image the surface obtained in Figure 3.3.8. The aim was 
to locally disrupt the self assembly of ferrocenyl undecanethiol using the octanethiol 
held onto the tip by capillary effect. Such technique has previously been used for “dip 
pen nanolithography” 40,41  
Figures 3.3.9 and 3.3.10 show the resulting STM image obtained at 100 pA and 1000 
mV. Instead of the bright fuzzy rows previously obtained (Figure 3.1.9), we now 
observe broken rows of bright fuzzy regions between unbroken rows which we assign 
to the sulfur double rows. The broken rows of bright fuzzy regions are thus assigned to 
isolated ferrocene islands as shown in the accompanying model (Figure 3.3.11). 







Figure 3.3.8. 30 nm × 30 nm STM image of ferrocenyl undecanethiol coadsorbed with 
octanethiol at a phenyloctane-HOPG interface. Height Mode Image obtained at 100 
pA, 1000 mV.  
 
 







Figure 3.3.9. 60 nm × 60 nm STM image of a disrupted self assembly of ferrocenyl 
undecanethiol at a phenyloctane-HOPG interface by octanethiol. Image obtained in 
Height Mode at 100 pA, 1000 mV.  
 






Figure 3.3.10. 15 nm × 15 nm STM image of a disrupted self assembly of ferrocenyl 
undecanethiol at a phenyloctane-HOPG interface by octanethiol. Image obtained in 
Height Mode at 100 pA, 1000 mV.  
 






Figure 3.3.11. Model showing ferrocene islands between sulfur double rows, 










3.4.1 STM of Ferrocenyl Undecanethiol on Au(111) 
Following the self assembly of ferrocenyl undecanethiol mixed with octanethiol at a 
phenyloctane-HOPG interface, a drop of the same phenyloctane solution (1mg/ml at 
1:1 mixing ratio) was gently lowered onto freshly prepared Au(111) and STM images 
were obtained inside the solution. Here the SAM on Au(111) was prepared by using a 
droplet of phenyloctane and images obtained in solution, instead of the regularly 
prepared SAM in an ethanol bath and dried in a flow of nitrogen gas in order to 
perform STM lithography described in Chapter 3.4.2.  
Figure 3.4.1 shows a 150 nm × 150 nm STM image of fc-C8 mixed monolayer of 
ferrocenyl undecanethiol and octanethiol self assembled on Au(111). Large flat 
domains are observed, with the triangular shape of the grain boundary indicating the 
Au(111) surface. Small and medium sizes etch pits characteristic of thiol 
chemisorption are observed around the large domain. One point to be noted is the 
absence of etch pits on the large domain itself. Bis-ferrocenes adsorbed on an Ag(110) 
surface has been reported to induce a reorganization of substrate steps due to very 
strong ferrocene-substrate interactions.11 It is likely that ferrocenyl undecanethiol 
adsorbed on Au(111) would enhance the diffusion of the underlying gold atoms and 
heal the etch pits. However, the interaction between the ferrocene moiety and the gold 
substrate via the alkanethiol and how the gold atoms are made more mobile is not clear 
and more studies need be done in order to understand this phenomenon. 






   
 
Figure 3.4.1. 150 nm × 150 nm STM image of fc-C8 mixed monolayer of ferrocenyl 
undecanethiol and octanethiol self assembled on Au(111) at a phenyloctane-Au(111) 
interface. 
α 





Figure 3.4.3. Height profile 
along line in Figure 3.4.2 
showing individual ferrocene 
moieties with a diameter of 
0.63 nm and 0.2 nm higher than 
the underlying octanethiol. 
   
Figure 3.4.2. 20 nm × 20 nm STM image of fc-C8 mixed monolayer of ferrocenyl 
undecanethiol and octanethiol imaged in Region α of Figure 3.4.1.  
 
 




Figure 3.4.2 shows a 20 nm × 20 nm STM image of the mixed monolayer of ferrocenyl 
undecanethiol and octanethiol imaged in Region α of Figure 3.4.1 where many etch 
pits were observed. A depth profile of an etch pit indicates a height difference of 0.3 
nm which is equal to one gold monolayer. The surface surrounding such etch pits are 
abounding in defects. Individual moieties resembling fish scales are also observed. A 
height profile along the line of Figure 3.4.2 is shown in Figure 3.4.3, indicating the 
diameter of one moiety to be ~ 0.6 nm which effectively corresponds to the diameter 
of a ferrocene moiety.  
 
Figure 3.4.4 shows a 100 nm × 100 nm STM image of the fc-C8 mixed monolayer of 
ferrocenyl undecanethiol and octanethiol, from which three consecutive 15nm × 15nm 
STM images were obtained from the same Region L, as shown in Figure 3.4.5. The 
three STM  images display varying lattice structures, indicating moving ferrocene 
moieties at the surface. Two consecutive 5 nm × 5 nm STM images shown in Figure 
3.4.6 further confirms the moving ferrocene moieties. Muller Meskamp et al. similarly 
obtained similar hexagonal packing for ferrocenyl undecanethiol inserted into 
alkanethiol monolayers. 42,43  
The lattice constant of the hexagonally packed ferrocene (Figure 3.4.6(b)) is ~ 6.5 nm, 
which is more than 0.5 nm for closely packed alkanethiols on Au(111) as indicated in 
Figure 3.4.7. We presume the well ordered surface (lattice constant ~ 0.65 nm) is fully 
covered by solely ferrocenyl undecanethiol, while the disordered surface around the 
etch pits would consist of a mixture of ferrocenyl undecanethiol and octanethiol.  
 








Figure 3.4.4. 100 nm × 100 nm STM image of fc-C8 mixed monolayer of ferrocenyl 
undecanethiol and octanethiol.  
L 





Figure 3.4.5.   
Three consecutive 15nm x 15nm 
STM images obtained in the same 
Region L of Figure 3.4.4.  
The same region displays varying 
lattice structures, indicating moving 
















Figure 3.4.6. Two consecutive 5nm x 5nm STM images obtained in the same region 
of Figure 3.4.5 displays varying lattice structures, indicating moving ferrocene 
moieties at the surface. 
(b)(a) 






Figure 3.4.7. Top: AFM image of octadecanethiol on Au (111).  Bottom: 2D inverse 








3.4.2 STM Lithography at High Bias Voltage   
Applying a high voltage (2000~3000 mV) to the surface would cause the desorption of 
alkanethiols from a gold surface. This technique was developped by Gorman et al. 44,45 
(Figure 3.4.8) and demonstrated the replacement of an adsorbed decanethiol SAM by 




Figure 3.4.8. Schematic diagram showing STM replacement lithography. (a) SAM 
imaged at normal bias. (b) Application of a high bias voltage (~3V) produces 
desorption of the original thiols in the area in the proximity of the tip. The replacement 
thiols assemble on the exposed gold area, thus completing the replacement. (c) The 
replacement pattern is imaged under normal bias. Adapted from Gorman et al. Refs 
31,44. 





Figure 3.4.9. STM images of patterns generated by (A) dodecanethiol replacing 
decanethiolate (Vwrite = 3.8 V, Vread = 1.0 V, Iset = 6.0 pA) and (B) decanethiol 




Figure 3.4.10 shows a 50 nm × 50 nm STM image of fc-C8 mixed monolayer of 
ferrocenyl undecanethiol and octanethiol taken in Region L of Figure 3.4.4 following 
the application of a large bias voltage (~3V) by the STM tip throughout the region‡. 
The large bias voltage causes the desorption of ferrocenyl undecanethiol and 
octanethiol from the Au(111) surface. However, due to the presence of both molecules 
in the phenyloctane solution, they spontaneously reassemble on the Au(111) surface. 
The readsorbed surface is largely disordered, though a few features shown in Regions 
M and N are noteworthy.  
                                                            
‡ A 50 nm × 50 nm STM image was obtained at a bias voltage of 3 V prior to obtaining Figure 3.4.9. 








Figure 3.4.10. 50 nm × 50 nm STM image of fc-C8 mixed monolayer of ferrocenyl 









Figure 3.4.11 shows five consecutive 30 nm × 30 nm STM images obtained from 
Region M of Figure 3.4.10. The lattice is seen to undergo the same changes as 
observed in Figure 3.4.5, indicating moving ferrocene moieties at the end of 
alkanethiols adsorbed on the surface.30  
 
 
Figure 3.4.11. Five consecutive 30 nm × 30 nm STM images obtained from Region M 
of Figure 3.4.10 indicating changing lattice structure of packed ferrocene. 
 
Figure 3.4.12 shows a 30 nm × 30 nm STM image obtained from Region N of Figure 
3.4.10. The image shows bright features forming pairs of rows within regions of well 
ordered, hexagonally packed ferrocene groups. Chidsey et al. 32 performed 
electrochemical studies on SAMs prepapred by coadsorption between  
ω-(ferrocenylcarbonyloxy)alkanethiols and alkanethiol on gold. These SAMs were 




shown to be electroactive, with the greatest response from ferrocene occuring when 
coadsorbed with octanethiol. Increasing the length of the unsubstituted alkanethiol 
resulted in weaker responses from the ferrocene. In the same studies, nonpolar 
ferrocene terminated thiols such as ferrocenyl undecanethiol used in our current 
studies, were seen to exhibit very strong interactions between ferrocene groups, even at 
very low mole fractions. Such strong interactions are likely the cause of such bright 
features seen in our STM images. 
Figure 3.4.13 shows a 10 nm × 10 nm STM image of the bright features. At such 
resolution, we observe the coordination of two or four ferrocene moieties seen as the 
overlapping of the charge densities with surrounding moieties resulting in one 
ferrocene appearing much brighter (higher) than the others. The distance between two 
bright ferrocene moieites was measured to be 1.0 nm, implying the distance between 
ferrocene groups was 0.5 nm; whereas the distance between surrounding 
uncoordinated ferrocene groups was measured to be 0.66 nm, which corresponds to the 
diameter of a ferrocene moiety 32, 46. 
We presume that the high bias voltage applied during STM lithography contributed to 
the rearranging and coordination of the ferrocene groups during the readsorption of 
ferrocenyl undecanethiol and octanethiol onto the Au(111) surface. Lichtenberger et al. 
47 reported ferrocene centers with close iron-iron proximity to have significantly higher 
orbital overlap. Due to ferrocene moieties having orbital energy matching, this results 
in efficient orbital mixing. However, metal-metal communications in Fv2Fe2 and 
Fv(FeCp)2 were mediated through ligands unlike the ferrocene moieties in our studies. 
Though the close proximity of the ferrocenes of ferrocenyl undecanethiol chemisorbed 





on Au(111) might account for greater orbital overlap, the actual mechanism of 
ferrocene-ferrocene interaction is not clear.  
An interesting point to note in our STM images is the lack of symmetry in height 
enhancement of the coordinated ferrocene groups. Instead, the coordination of two or 
four ferrocenes results in only one single ferrocene being consistantly imaged as 
brighter than the others.  
 
    
Figure 3.4.12. 30 nm × 30 nm STM image of fc-C8 mixed monolayer of ferrocenyl 
undecanethiol and octanethiol imaged in Region N, following desorption and 
reassembly. Pairs of bright ferrocene groups are seen to form rows within regions of 
well ordered, hexagonally packed ferrocene groups. 







Figure 3.4.13. 10 nm × 10 nm STM image of fc-C8 mixed monolayer of ferrocenyl 
undecanethiol and octanethiol imaged in Region N following desorption and 
reassembly. Two or four ferrocene moieties are seen to coordinate, with overlapping 
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3.5 Characterization  of  Ferrocenyl  Undecanethiol  on 
Au(111) using Synchrotron Techniques.  
 
3.5.1 XPS studies 
Three SAMs were compared using synchrotron techniques to characterize ferrocenyl 
undecanethiol adsorbed on gold. The gold substrates were prepared on silicon wafer as 
described in Chapter 2.3. The SAMs were prepared by immersing freshly deposited 
gold into ethanol with 1mM thiol for 24hrs. Ferrocenyl undecanethiol was used for 
Sample 1; A mixture of ferrocenyl undecanethiol and octanethiol at a 1:1 molar ratio in 
solution was used for Sample 2; Octanethiol was used for Sample 3. 
Figure 3.5.1 shows the XPS C1s spectra obtained at a photon energy of 350 eV from 
the three samples. The photon energy was calibrated using the Au4f peak at 87.4 eV. 
Samples 1 and 2 have higher C1s intensity than Sample 3. This is likely due to the 
carbon signal coming from the Cp rings. However, the C1s intensities from Samples 1 
and 2 are comparable. Furthermore, Figure 3.5.2 shows comparable Fe3p intensities 
from Samples 1 and 2. This indicates an equal amount of ferrocenyl undecanethiol on 
both samples, which implies the preferential adsorption of ferrocenyl undecanethiol on 
gold. This might be the due to higher molecular weight thiols being less soluble in 
ethanol, causing their free energies in solution to be higher. This in turn causes a larger 
affinity for adsorption for heavier molecules. 
 









Figure 3.5.2. XPS Fe3p spectra obtained from Samples 1 and 2. 
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3.5.2 XAS studies 
 
Figure 3.5.3. XAS spectra obtained for ferrocenyl undecanethiol and octanethiol on 
gold. 
 
Figure 3.5.3 shows XAS spectra obtained for the three samples. The photon energy 
was referenced to the Fermi energy of a clean gold foil kept in situ on the sample 
holder. Though usually referring to π* bonding, feature a1 (~ 284.6eV) is likely due to 
a normalization artefact, similar to XAS measurements done in Chapter 4.1.2. Since 
UPS results (Chapter 3.5.3) taken before and after synchrotron measurements show no 
changes, no sample damage is expected for the octanethiol SAM and ferrocene 
containing SAMs. Low photon currents of the order of pico- and nano-amperes also 
indicate negligible sample damage at our beamline.  




Scholl et al. 48 found that such artefacts around 283.5eV could originate from improper 
normalizations. The carbon π* peaks appear exactly in this region. Such peaks appear 
due to the normalization condition changing during experiments: When normalizing to 
a substrate spectrum as measured after energy calibration with a reference spectrum, 
they observed the artefact to appear for erroneous energy shifts as little as 50 meV. 
This is very significant when energy shifts between two subsequent injections were 
often observed to be of the order of 100meV. They thus suggested taking the spectrum 
of the reference substrate before and after each sample spectrum. After the appropriate 
normalization, the artefact was successfully removed from the spectrum. Thus an 
improper normalization would be enough to cause such artefacts, resembling π*-
resonances to appear. It is likely that the condition for our reference gold mesh was 
slightly different from the SAMs, leading to such artefact to appear during 
normalization. 
Feature a2 has significant contribution from a ferrocene 4e1g-like feature (a2 ~ 285.6 
eV) 49. The 4e1g orbital is largely associated with the lowest unoccupied Fe3d orbitals.  
Feature c is assigned to transitions into a ferrocene 3e2u-like orbital. The 3e2u orbitals 
are the lowest unoccupied orbitals associated with the cyclopentadienyl (Cp) ligands of 
the ferrocene. Feature d corresponds to σ *(C-C) antibonding orbitals of the alkyl 
chains at 292 eV 50. Feature e observed as a peak located at around 305 eV for 
octanethiol SAM corresponds to σ*(C-C′) signal. This is attributed to interchain 
adsorptions 51 and indicates significant interactions among the alkyl chains in the 
octanethiol-SAM for SAMs with densely packed alkyl chains tilted about 30° from the 
surface normal 52. Lesser interchain interactions are observed for ferrocene terminated 
SAMs, implying more disorder of the alkyl chains. This might be due to the lattice 
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constant (~0.65 nm) being larger than 0.5 nm for closely packed alkanethiols, leading 
to a more disordered alkyl chain layer beneath well ordered ferrocene moieties.  
The splitting of the ferrocene 3e2u-like orbital under the influence of the substituent 
alkylchain attached to the Cp ring 53,54,55 cannot be observed at our energy resolution. 
In line with our XPS results, Sample 1 prepared with ferrocenyl undecanethiol and 
Sample 2 prepared with a 1:1 ratio of ferrocenyl undecanethiol and octanethiol in 
solution, show almost identical C K-edge spectra, which again indicate similar SAM 
surfaces for both samples and lead to imply the preferential adsorption of ferrocenyl 
undecanethiol on gold as compared to octanethiol. This concurs with our STM images 
(Figure 3.4.1) showing large areas with only ferrocenyl undecanethiol and devoid of 
etch pits. 
 
3.5.3 UPS studies 
Figure 3.5.4 shows the UPS spectra of octanethiol before (red) and after (blue) XPS 
and XAS measurements. Since identical spectra are observed, this indicates negligible 
sample damage caused during our experiments due to synchrotron radiation and 
secondary electrons. This further confirms the feature a1 of Figure 3.5.3, which was 
present in all our spectra and usually refers to π* (C=C) bonds, to be due to improper 
normalization instead.  
Figure 3.4.6 shows the UPS spectra of Samples 1 and 2 before and after XPS and XAS 
measurements. Besides a constant decrease in signal intensity, the spectral features 
remain unchanged, indicating negligible sample damage during XPS and XAS 
measurements.  





Figure 3.5.4.  UPS spectra of octanethiol before (red) and after (blue) XPS and XAS 
measurements. Identical spectra are observed, indicating negligible sample damage 
caused due to synchrotron radiation and secondary electrons.  
 
Figure 3.4.6. UPS spectra of samples 1 and 2 before and after XPS and XAS 
measurements indicating minimal sample damage due to synchrotron radiation
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This fourth chapter describes the characterization of various molecules used in the 
study of selective adsorption, and discusses the mechanism leading to selective 
adsorption. Characterization is performed by X-ray Photoelectron Spectroscopy (XPS) 
for elemental analysis and X-ray Absorption Spectroscopy (XAS) for molecular 







Survey spectra (Figure 4.1) and high-resolution O1s (Figure 4.2), Au4f (Figure 4.3) and 
C1s (Figure 4.4) spectra of Single-SAM, Gemini-SAM, Tartaric-SAM, and C12-SAM 
were obtained at photon energy of 655.4 eV to verify the composition of the SAMs. 
Figures 4.1 and 4.2 indicates high amounts of oxygen were seen only for Tartaric-
SAM, consistent with the hydroxyl group (OH) and carboxylate group (deprotonated 
carboxylic acid: COO–) in the L-tartaric acid layer. Traces of oxygen were also detected 
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for Single- and Gemini-SAMs, resulting from a hydration layer on the quaternary 
ammonium cations, which is typically observed on such hydrophilic surfaces.1,2a The 
O1s signals are equal on both Single- and Gemini-SAMs, and angle-resolved XPS 
revealed that oxygen was found only on the surface. The C12-SAM was, however, 
found to be devoid of any O1s signal, as is expected on clean hydrophobic surfaces.  
Figure 4.4 shows C1s peak intensities for Gemini-, Tartaric-, and dodecanethiol-SAMs. 
The alkanethiol has only one major C1s peak at a binding energy of 285.0 eV, 
corresponding to aliphatic C-C/C-H bonds2, whereas the QA terminated SAMs have an 
additional shoulder at a higher binding energy of 286.6 eV corresponding to carbon 
bonded to the more electronegative nitrogen. In Tartaric-SAM, an additional peak is 
observed at 288.0 eV, corresponding to O–C=O carbon from the adsorbed tartaric 
acid2b.   





Figure 4.1. Angle Resolved XPS survey scan of (a) Single-SAM, (b) Gemini-SAM, (c) 
Tartaric-SAM and (d) C12-SAM obtained at photon energy of 655.4 eV. (i) and (ii) for 
each pair refer to the spectra obtained at normal and grazing take-off angles 
respectively. The spectra obtained at grazing angle were normalized by matching the 
background signal intensity of the spectra with that obtained at normal take-off angle. 
A vertical offset has been added for clarity.  
 




Figure 4.2. O1s spectra for Single-SAM, Gemini-SAM and Tartaric-SAM at normal 
take-off angle, 650eV. 
 
  
Figure 4.3. Au4f spectrum of Gemini-SAM, showing an energy resolution of 0.94 eV 
FWHM. 
0.94 eV 




Figure 4.4. C1s spectra for (a) C12-SAM, (b) Gemini-SAM and (c) Tartaric-SAM at 















a (CH2)11 refers to the C1s signal from carbon within the aliphatic chains; 
(CH2)N+(CH3)3 or (CH2)2N+(CH3)2 refer to the C1s signal from the QA; COO- refers to 
the carbon signal bound to oxygen from the tartaric acid. The left column is normalized 
to the Au4f intensity of the corresponding sample, whereas the right column is 
normalized to the C1s intensity of aliphatic carbon of C12-SAM. 
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C1s/Au4f intensity ratios of C12, Single-, Gemini-, and Tartaric-SAMs at a normal 
takeoff angle are summarized in Table 1. C12-SAM is known to be densely packed 
when chemisorbed on gold using a concentration of 1.0 mM for 24 h3. We took the 
aliphatic C1s intensity against Au4f of C12-SAM as a reference for a fully covered and 
densely packed SAM for Single- and Gemini-SAMs. Since the alkyl chain lengths of 
Single- and Gemini-SAMs are identical to that of C12, if these SAMs are as dense as 
C12-SAM, they must exhibit C1s/Au4f values comparable to C12-SAM. The C1s/Au4f 
values of Single- and Gemini-SAMs are 0.86-0.88*, slightly lower than that of the 
alkanethiol-SAM. This indicates that Single-and Gemini-SAMs generally adopt a 
standing-up configuration with their long molecular axis nearly normal to the surface, 
instead of the striped phase configuration4; however, the films are in-plane disordered. 
The bulky charged head groups (i.e., quaternary ammonium cation) of both SAMs can 
prevent the dense packing of alkyl chains, leading to rather loosely packed films and 
hence a lower intensity. The aliphatic C1s intensity of Tartaric-SAM is reasonably 
weak as compared to Single- and Gemini-SAMs caused by an additional attenuation 
through the tartaric acid adlayer. 
 
The C1s shoulder peak at 286.6 eV of Tartaric-SAM attributed to quaternary 
ammonium is larger than those of Single- and Gemini-SAMs. This is likely due to an 
overlap of the carbon signal bonded to the hydroxyl group of the tartaric layer, which 
has a similar binding energy of 286.5 eV.2d,5 A more reliable analysis for the adsorption 









4.1.2.1. C K-edge 
The disordered film structure of Single-, Gemini-, and Tartaric-SAMs is supported by 
XAS results, shown in Figure 4.5. In contrast to C12-SAM, which is found to be very 
well-ordered, the alkyl chains of the quaternary ammonium-SAMs are disordered. The 
molecular orientation of the SAMs is obtained from the relative signal strengths of the 
σ*(C-H) and σ *(C-C) antibonding orbitals of the alkyl chains at 288 and 292 eV, 
respectively.6 It was previously reported that C12-SAM consisting of densely packed 
alkyl chains tilted about 30° from the surface normal7 thus gave a strong σ *(C-H) 
antibonding peak at normal takeoff angle. This peak is greatly reduced in intensity at 
grazing takeoff angle, where a strong σ *(C-C) peak appears due to the enhanced 
contribution of the C-C antibonding orbitals within the alkyl chains. There is also a 
clear increase in the σ*(C-C′) signal located at around 300 eV in C12-SAM. This is 
attributed to interchain adsorptions8 and indicates significant interactions between the 
alkyl chains in the alkanethiol-SAM. In contrast, no opposite dichroism is observed for 












(Figures on the right are only schematics: Except for C12 SAM, the actual molecules in 
the QA SAMs are disordered )  
Figure 4.5. XAS C K-edge of (a) C12-SAM, (b) Single-SAM, (c) Gemini-SAM, and (d) 
Tartaric-SAMs. Dotted and full lines correspond to data obtained at a grazing angle of 20° and 
normal take-off angles respectively. All spectra are background subtracted and normalized. The 
right-hand side shows the schematics of the SAMs relative to the photoelectrons and the 
respective origins of the core electron transition to the σ* anti-orbitals. 
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4.1.2.2. N K-edge 
Figure 4.6 shows the XAS N K-edge spectra of Single-, Gemini- and Tartaric-SAMs 
and the angle resolved XAS N K-edge spectra of Tartaric-SAM. A broad peak located 
around 406.5 eV was observed. This peak was previously assigned to a σ*(N-C) 
resonance peak due to (CH3)3N bonds9 and the Rydberg peaks due to line transitions 
located at around 401 to ~405 eV are absent. This confirms the existence of the QA in 
our SAMs since only N-C bonds are present in any of the QA of the SAMs. The angle 
resolved spectra for Tartaric-SAM further show no angular dependence, implying the 





Figure 4.6. Left: N K-edge adsorption spectra of Single-SAM, Gemini-SAM, and 
Tartaric-SAM at normal take-off angle. Right: Angular resolved N K-edge for Tartaric-
SAM. The spectra have had a uniform background subtracted and had the background 
signal of the sample current normalized.  
 





The adsorption of Tartaric-SAM on Gemini-SAM could have two pathways: the first 
being tartaric acid adsorbing on top of the QA assembly without displacing the bromide 
counterions, and the second being via an exchange reaction between the carboxylate of 
tartaric acid and the native bromide of QA. To elucidate this, Br3d and N1s spectra of 
Single-, Gemini-, and Tartaric-SAMs were acquired at a photon energy of 502.3 eV.  
 
Owing to the lower kinetic energies and shorter escape depths of the photoelectrons, 
the Br3d and N1s peaks are clearly observable with binding energies of 67 and 402 eV, 
respectively. Figure 4.7 shows XPS survey scans of (a) Single-SAM, (b) Gemini-SAM 
and (c) Tartaric-SAM at normal take-off angle with the Br3d and N1s traces clearly 
seen at 69eV and 400eV respectively.  
 
Figure 4.7. XPS survey scans of (a) Single-SAM, (b) Gemini-SAM and (c) Tartaric-
SAM at normal take-off angle and photon energy of 502.3eV. The Br3d and N1s traces 
are clearly seen at 69eV and 400eV respectively. 





Figure 4.8. Left: Br3d high-resolution spectra at normal take-off angle, for Single-
SAM, Gemini-SAM and Tartaric-SAM at photon energy of 502.3eV. Right: Peak 
fitting for Gemini-SAM using a 3d envelope with a spin-orbit splitting of 1.05eV and 
spin-orbit ratio of 3:2, showing two Br3d states in the molecule. 
 
 
a Peak areas are given in arbitrary units. 
 
Figure 4.8 (left) shows high-resolution Br3d spectra obtained from the three SAM 
experiments. The fitted peaks are shown in Figure 4.8 (right) using a spin-orbit (d3/2 
and d5/2) splitting energy of 1.05 eV.10 Bromine appears to exist as two conformations 
of Br-, as indicated by the two peaks with binding energies of 67.3 and 68.1 eV for the 
main and secondary peaks, respectively, as shown in Table 2.  
 
Figure 4.9 shows the high-resolution N1s ARXPS spectra of the QA sulfur derivative 
SAMs. The results are tabulated in Table 3. We observed two N1s peaks, the main peak 




being at the expected binding energy of 402 eV and a smaller peak for Gemini- and 
Tartaric-SAMs at 399 to ~399.5 eV. A similar SAM prepared from HS(CH2)11NH3+ 
HCl- similarly gave two N1s peaks at 399.8 and 401.5 eV (Figure 4.10). The N1s peak 
at 399 to ~399.5 eV observed in the QA has previously been observed in ammonium 
and amine containing polymers2c and in covalently immobilized QA11 and had been 
attributed to non-quaternized N and to amines. 
 
 
Figure 4.9. High resolution ARXPS spectra of N1s for (a) Single-SAM, (b) Gemini-
SAM, and (c) Tartaric-SAM at normal (full line) and grazing take-off angle (dotted 
line) obtained at photon energy of 502.3eV. A vertical offset has been added for clarity.  
 
 





 a Peak areas are given in arbitrary units. 
 
 
Figure 4.10. N1s spectra for HS(CH2)11NH3+HCl-. The peak at 401.5eV corresponds to 
the N+ ion, whereas the peak at 399.8eV is similar to the unknown peak obtained from 
Gemini- and Tartaric-SAM.  
 
Although accurate stoichiometric analysis was not possible since the atomic sensitivity 
factors vary with photon energy, we can compare the relative intensities of each 
element before and after adsorption of tartaric acid onto Gemini-SAM.  
Br3d and N1s photoelectrons have kinetic energies of 435 and 100 eV using 502 eV 
photons; hence, N1s would have a shorter attenuation length than Br3d photoelectrons, 
making the surface sensitivity of XPS much higher for N1s than for Br3d. Therefore, if 
bromide remains on the surface with equal amounts of Br- to N+, the N1s signal would 




be much more attenuated than Br3d upon tartaric acid adsorption. However, the 
reduction in signal intensity for Br3d is much more significant than for N1s after 
tartaric acid adsorption on the Gemini-SAM. We observe that the Br3d signal intensity 
at normal takeoff angle decreases by 87% (Table 2), whereas the N1s signal intensity 
decreases only by 11% (Table 3). Thus, a simple attenuation model for the bromide 
signal through the tartaric layer cannot account for the drastic decrease in the Br3d 
signal intensity. This implies that much of the bromide counterions were displaced to 
the solution during the adsorption of tartaric acid. This result strongly supports an 
exchange reaction between the COO– counterion of tartaric acid and the native Br- 
counterion of QA. The Br3d signal is, however, not reduced to zero upon adsorption of 
tartaric acid onto Gemini-SAM. The presence of the remaining Br- counterions implies 
that not all the Br- counterions undergo an exchange reaction with the COO- of tartaric 
acid. The remaining Br- counterions may be deeply buried inside the disordered SAM 
matrix and be inaccessible for further exchange reactions with the carboxylate, thereby 
causing 13% of the native bromide to remain attached to the QA and explaining the 
presence of Br- traces on Tartaric-SAM.   
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This fifth chapter describes the results and discussions pertaining to the studies 
performed on asymmetric azobenzene dithiols. The work function was obtained by 
Ultra Violet Photoelectron Spectroscopy (UPS) as a measure of the photoresponse of 
the Azobenzene SAMs, and a correlation between change in work function and change 




Since the azobenzene moieties within the H-Azobenzene and CN-Azobenzene 
SAMs are supported on a monolayer of dodecanethiol (C12), we consider the 
asymmetric azobenzene dithiol to simply consist of two layers: an underlying C12 
SAM beneath a layer of azobenzene molecules. Then, assuming the net dipole 
moments and work functions to result from contributions from each layer,1 we offset 
the contribution from the thiol headgroups and alkyl chains of the asymmetric 
azobenzene dithiol to changes in φ by shifting ΔφAu by ΔφC12, the change in work 
function of gold due to dodecanethiol SAM; i.e.: ΔφAu = φAzo – φAu – φC12.  
Figure 5.1 shows UPS spectra obtained for C12 SAM and trans of H-azobenzene 
and CN-azobenzene SAMs, along with their cis forms immediately following UV 
irradiation. As discussed in Chapter 2.6, the work function can be simply obtained from 
the UPS spectra (obtained at the SSLS) by shifting the low kinetic energy cut-off by 0.7 
eV. C12 SAM was found to lower φAu by 1.0 eV, from 5.1 eV to 4.1 eV. This conforms 
to previous work function measurements for alkanethiols.2,3,4,5 




Figure 5.1. UPS spectra of trans H-azobenzene and CN-azobenzene and their cis forms 
immediately following UV irradiation, along with UPS spectra of a reference Au-foil and C12 
SAM. 
 
As shown in Figure 5.2, we see ΔφAu to be largely unaffected upon adsorption of 
trans H-Azobenzene SAM (ΔφAu = +0.05 eV) prior to UV irradiation (Time = 0). 
However, UPS measurements obtained for H-Azobenzene immediately after 
photoisomerization by UV (360 nm) irradiation (vertical dotted line) showed an 
increase in ΔφAu for azobenzene from its trans to cis form. ΔφAu subsequently decreased 
exponentially during thermal recovery of cis azobenzene to trans form. Repeated trans 
to cis photoisomerizations by UV irradiation showed similar increase in ΔφAu followed 
by exponential decrease in work function during thermal recovery.  
In contrast, UPS spectra obtained for CN-Azobenzene (Fig. 5.3) showed an initial 
positive shift in ΔφAu (ΔφAu = +0.62 eV) relative to clean gold prior to UV irradiation 
(ring; Time = 0). UPS spectra obtained immediately after trans to cis 
photoisomerization showed a decrease in ΔφAu, with subsequent increase in ΔφAu 
during thermal recovery. Repeated trans to cis photoisomerizations of CN-Azobenzene 
by UV irradiation showed similar decrease in ΔφAu followed by exponential increase in 
work function during thermal recovery.  
Hence, CN-Azobenzene is found to have an opposite photoresponse to H-
Azobenzene upon UV irradiation. This behavior, as well as the reversible change of 
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ΔφAu during thermal recovery, confirms that the observed behaviors pertain to the 
photoresponse of the Azobenzene SAMs, rather than synchrotron irradiation-induced 
damage or other instrumental effects.  
 
 
Figure 5.2. The time evolution of changes in the work function of gold modified by 
H-azobenzene SAM (ΔφAu). Photoisomerizations of the azobenzene SAMs from 
trans to cis form by UV irradiations, which were externally performed in the 
preparation chamber, are schematically described by vertical arrows at the same 
time position. The full curves are exponential line fits to the data points obtained 
during the cis to trans thermal recovery of the SAMs. 
 
   
FIG. 5.3. The time evolution of changes in the work function of gold (ΔφAu) 
modified by CN-Azobenzene SAM. 




Akiyama et al.6 attributed the opposite behaviors of the SAMs when measuring 
their dynamic contact angle, to their opposite molecular dipole moments. We also 
attribute ΔφAu as originating from relative changes in the SAMs molecular dipole 
moments. In our system, a positive surface dipole is defined as one with a positive 
charge towards the SAM- vacuum interface, and a negative charge towards the SAM-




Figure 5.4.: (a) Schematics of molecular dipole with respect to gold surface: with the exception 
of trans H-Azobenzene, all other molecular conformations (cis H-Azobenzene as well as trans 
and cis CN-Azobenzene) induce negative dipoles at the SAMs surface. (b) Reversible trans → 
cis photoisomerization and cis → trans thermal recovery of H-Azobenzene and (c) CN-




In trans CN-Azobenzene, the cyano group being electron withdrawing results in a 
large negative dipole moment at the SAM surface, whereas the non-substituted trans H-
Azobenzene would result in a nearly zero molecular dipole moment at the SAM 
surface. The thiol headgroups and alkyl chains of C12 result in a positive surface 
dipole, as observed by Alloway et al. for alkanethiols.7  The negligible shift in ΔφAu 
upon adsorption of trans H-Azobenzene is as expected, since the dipole moment of 
trans H-Azobenzene is zero, resulting in trans H-Azobenzene SAM having a molecular 
(a)   (b)   (c) 
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dipole moment comparable to that of C12. The same contribution to the surface dipole 
moments from the thiol headgroups and alkyl chains exist in both H-Azobenzene and 
CN-Azobenzene SAMs and hence cannot result in the opposite behavior in their 
photoresponse.  
As shown in Figure 5.4b, the molecular dipole moment of trans H-Azobenzene 
increases (becomes more negative) upon photoisomerization to cis Azobenzene due to 
the broken symmetry. In contrast, the molecular dipole moment of trans CN-
Azobenzene decreases (becomes less negative) during photoisomerization: from 4.93 D 
in trans form to 2.77 D in cis form (Fig. 5.4c).8 Conversely, the molecular dipole 
moments of CN-Azobenzene would increase (become more negative) during thermal 
recovery from cis form to trans form, whereas that of H-Azobenzene would decrease.  
 
 
5.3. Comparing  Changes  in  Work  Functions  with 
Induced Surface Dipoles 
From our UPS results, we hence detect a relative change in ΔφAu upon adsorption 
and photoisomerization of p’ substituted azobenzene derivative SAMs. Similarly, the 
relative changes in ΔφAu upon thermal recovery of the azobenzene SAMs correspond to 
the respective changes in the molecular dipole moments. Hence we observe a decrease 
in work function of gold upon adsorption of C12 and H-Azobenzene while adsorption 
of CN-Azobenzene results in a positive ΔφAu. These results are consistent with Zehner 
et al’s 9 and Alloway et al’s report7 that dipoles of functional molecules chemisorbed on 
a metal result in shifts of the metal work function, i.e.: large negative dipole induced by 
either photoisomerization (trans to cis of H-Azobenzene) or thermal recovery (cis to 
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This sixth chapter covers the conclusions and describes the future work related to the 
studies performed on ferrocenyl undecanethiol, selective adsorption of L-tartaric acid 
on Gemini-type quaternary ammonia, and asymmetric azobenzene dithiols. 
6.1. Conclusions to Chapter 3:  
  Self‐Assembly of Ferrocene  
6.1.1.  Ferrocenyl undecanethiol on HOPG  
The self-assembly of 11-ferrocenyl-1-undecanethiol ((η5C5H5)Fe(η5C5H4) 
(CH2)11SH) was successfully imaged by molecular resolution STM in a striped phase 
configuration at a phenyloctane-HOPG interface.  The ferrocene moieties were 
observed to be undergoing rotations and appeared as ring-like or fuzzy structures 
corresponding to their principal axis being perpendicular or oblique to the HOPG 
surface. The mixed film with octanethiol at a 1:1 mixing ratio provides alternate rows 
composed of each molecule.  The ferrocene moieties in the fc-C8 mixed system again 
exhibited fuzzy or ring like structures asymmetrically distant from the sulfur double 
rows due to the lengths of the alkyl chains of both molecules.  Our results suggest the 
possibility to control the density and orientation of ferrocene redox centre on the 
surface by the molecular assembly. 
Octadecanethiols were not observed under similar conditions of fc:C18 = 1:1 
mixing ratio but only appeared adsorbed on the HOPG surface at higher mixing ratios 
of fc:C18 = 1:5 and fc:C18 = 1:10. We therefore deduce that the ferrocene moiety has 
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a higher affinity to self-assemble on HOPG than octadecanethiol. This is rather 
counterintuitive, since ferrocene is such a bulky moiety. It is noteD that the higher 
affinity of ferrocene as compared to octadecanethiol is different from their relative 
binding energies to the HOPG surface: Longer alkylchains are known to have higher 
binding energies to HOPG. However, the shorter chain-length octanethiol was seen to 
readily coadsorb with ferrocenyl undecanethiol, whilst octadecanethiol did not. Despite 
the lack of molecular resolution in the STM images, both C10 and C12 nonetheless 
influenced the adsorption of fc on HOPG. This is deduced from the striped-phase 
patters of C12 when coadsorbed with fc, as well as the unstable striped-phase patterns 
of C10 coadsorbed with fc. This therefore implies comparable affinities of both C10 
and C12 with fc when coadsorbed on the HOPG surface.  
Hence, the absence of octadecanethiol at a fc:C18 = 1:1 mixing ratio in 
phenyloctane solution indicates a very complex balance of intermolecular (thiol-thiol, 
van der Waals among hydrocarbon groups, methylene-ferrocene) and molecule-
substrate interactions, in addition to steric hindrance originating from the bulky 
ferrocene moiety. More research is needed to isolate and determine the various 
contributions leading to an ordered self-assembled monolayer. 
6.1.2. Ferrocenyl undecanethiol on Gold  
The phase segregation property of octanethiol and ferrocenyl undecanethiol was 
used when forming a chemisorbed SAMs of the mixed monolayers, phase segregated 
on Au(111). Ferrocenyl undecanethiol was imaged on Au(111) in large domains devoid 
of etch pits in phenyloctane containing a 1:1 mixing ratio of ferrocenyl undecanethiol 
and octanethiol. The ferrocene moieties were seen to undergo reorientations causing a 
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change in lattice structure during subsequent scans. Following desorption and re-
adsorption by STM lithography, bright ferrocene moieties were imaged following the 
coordination of two or four ferrocenes. Characterization of the SAMs via synchrotron 
techniques indicates the preferential adsorption of ferrocenyl undecanethiol on gold as 
compared to octanethiol 
 
6.2. Future Work using Ferrocenyl Undecanethiol  
More new techniques are needed to elucidate the phenomena leading to the 
enhanced tunneling originating from coordinated ferrocenes. A combination of 
STM/STS and two photon photoelectron spectroscopy could yield promising results. 
One major challenge would be to excite the molecules in UHV environment from their 
individual state, i.e. from the state in which they appear as individual ferrocene 
moieties, to the excited or “coordinated” state in which their shapes and tunnelling 
currents from the well defined groups of ferrocene moieties appear to overlap. 
Understanding this behaviour would lead to the advancement of our knowledge and 
understanding of interactions between electroactive moieties, and hence in the progress 
of molecular electronics. 






High resolution synchrotron XPS spectra were obtained for Br– counterions for 
the first time by using soft X-rays. Such small ions were previously believed to desorb 
in UHV environments and/or due to irradiation damage from X-ray sources. Our results 
open various possibilities for the characterization of “soft materials” in the future. 
Furthermore, we present experimental evidence for the exchange reaction 
between the COO– of tartaric acid and the native bromide counterions of QA using 
high-resolution synchrotron XPS, confirming the previous hypothesis derived from 
FTIR measurements in solution. A comparison of the relative intensities of the Br3d 
and N1s signals confirms that most Br– counterions were detached from QA through an 
exchange reaction with the carboxylate counterions of L-tartaric acid during the 
preparation of Tartaric-SAM. Since tartaric acid does not undergo an exchange reaction 
with the bromine ions of the corresponding Single-SAM, this gives clear evidence of 
molecular recognition between Gemini-SAM and tartaric acid due to their matching 
molecular architectures. 
6.4. Future Work using Selective Adsorptions  
New molecules could be designed with specific geometries and desired counter-
ions to sequentially control selective adsorption and fabricate a 3-D molecular self-
assembly as shown in Figure 6.1.  























Figure 6.1. Schematics of how 
molecules designed to selectively 
adsorb on specific molecules 
patterned on a surface could give 
rise to a 3D molecular self-assembly. 
The 3-D self-assembly can be 
prepared by either dipping the 
patterned substrate sequentially into 
a solution containing specific 
molecules (a~d), or dipping into a 
solution containing all molecules 
(d~e). Only molecules having strong 
affinities for each other at 
predetermined exposed ends would 
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A first monolayer of various molecules with specific geometries and counter-
ions, here represented by different colours, namely red, green and grey, can be 
patterned on a substrate, by means of methods such as lithography, chemical 
modification of the substrate, or AFM dip-pen lithography. The second monolayer of 
molecules can then be adsorbed on top of the first by simply dipping the substrate 
sequentially in solutions containing molecules whose geometry and counter-ions would 
lead to selective binding to specific, predetermined underlying molecules. For example, 
in Figure 6.1(a→b), the substrate is dipped in a solution containing "purple" molecules 
which would have one of its sides selectively adsorb on the "red" molecules due to their 
matching geometries (triangle), leading to an exchange reaction of their respective 
counter-ions. Any "purple" molecules physisorbed on the "green" and "grey" molecules 
can then be easily rinsed away due to the lower binding energy of physisorbed layers. 
In Figure 6.1(b→c), the substrate is then dipped in a solution containing "black" 
molecules which would selectively adsorb only on the "green" molecules at a specific 
binding location (ellipse). This can then be followed by dipping the substrate into a 
solution containing the “blue” molecule (Figure 6.1(c→d)), which will selectively bind 
to the “diamond” binding site of the “grey” molecules. The substrate could also be 
dipped in a solution containing a combination of molecules which would be engineered 
to have strong affinities and strong specificity to their matching counterparts, such as to 
specifically bind to predetermined molecules, as shown in Figure 6.1(d→e).  
 
 





The change in molecular dipole moments within azobenzene derivative SAMs 
when undergoing photoisomerization from trans form to cis form and thermal recovery 
from cis form to trans form directly correlates with shifts in the work functions of the 
metal on which the SAMs are chemisorbed. We demonstrate the photoresponse of 
azobenzene SAMs in UHV by UPS for the first time and monitor the change in work 
function during cis to trans thermal recovery in real time. The ability to effectively 
control the work function of gold electrodes by photoisomerization of the SAM could 
lead to a more effective and controlled tuning of their electrical characteristics 
 
6.6. Future Work using Asymmetric Azobenzene Dithiol 
Our work so far has been restricted to a qualitative study of the 
photoisomerization and thermal recovery of the asymmetric azobenzene disulfide 
SAMs. Due to our setup limitations, we were so far unable to directly irradiate UV light 
onto our samples simultaneously with spectroscopic measurements. The insertion of an 
optical fibre into the UHV chamber with an external light source for direct light 
irradiation on sample during measurement could solve this problem, allowing for 
quantitative analysis by systematically varying light intensity and frequency on 
different samples.  
